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List of abbreviations 
2ODDs 2-oxoglutarate–dependent dioxygenases  
4x UAS upstream activating sequence with four repeats 
5 x VP16 VP16 activation domain with five repeats 
ABA abscisic acid 
ACC 1-aminocyclopropane-1-carboxylic acid 
ADD additive 
AN3 ANGUSTIFOLIA3 
APC anaphase-promoting complex 
ARGOS AUXIN REGULATED GENE INVOLVED IN ORGAN GROWTH 
ARP ASYMMETRIC LEAF1/ROUGH SHEATH2/PHANTASTICA 
ARR ARABIDOPSIS type-A RESPONSE REGULATORS 
AUX1 AUXIN RESISTANT 1 
BAR bialaphos 
BdEF1α putative elongation factor 1-α from B. distachyon 
BP best parent 
BPH best-parent heterosis 
BRI1 brassinosteroid insensitive1  
CCA1 CIRCADIAN CLOCK ASSOCIATED 1 
CDK2;1 cyclin dependent kinase B2;1  
CK cytokinin 
CLV CLAVATA 
CNR cell number regulator 
CPS ent-copalyl diphosphate synthase 
CZ central zone  
d1 dwarf1 
DAG days after germination 
DAP days after pollination 
DAS days after sowing 
DE differential expressed 
DEGs differential expressed genes 
DM dry matter 
DMA dry matter accumulation 
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DOMhigh dominant-high  
DZ division zone  
EBP1 ErbB-3 binding Protein 1 
EcR ecdysone receptor 
FEA FASCIATED EAR 
FLL final leaf length 
FT field trial 
G x E genotype environment interactions 
GA gibberellin 
GA20-OX GA20-oxidase  
GA2OX GA2-oxidase 
GC growth chamber 
GDU growing degree units  
GGDP Geranylgeranyl diphosphate  
GI GIGANTEA 
GID1 GA insensitive dwarf 
GO Gene ontology  
GR glucocorticoid receptor 
GRF GROWTH-REGULATING FACTOR  
GTPase guanine nucleotide exchange factor  
GUS β-glucuronidase gene 
GVG GAL4-VP16-GR  
HAI hours after imbibition 
HSP40 heat shock protein 40  
indels insertion/deletion polymorphisms  
IPT isopentenyl transferase  
JA jasmonate 
JAZ JASMONATE ZIM-domain-containing protein 
KAO ent-kaurenoic acid oxidase  
KN1 KNOTTED1 
KNOX KNOTTED related homeobox 
KO ent-Kaurene oxidase  
KRN kernel row number  
KS ent-kaurene synthase  
LAI leaf area index 
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LCR LEAF CURLING RESPONSIVENESS  
LED leaf elongation duration 
LER leaf elongation rate  
LHY LATE ELONGATED HYPOCOTYL 
LOX lipoxygenase 
LTP lipid transfer protein 
miR microRNA 
MP mid-parent 
MPH mid-parent heterosis 
NAM NO APICAL MERISTEM  
NSS temperate non-Stiff Stalk  
NT non-transgenic 
p35S promoter 35S 
P450s cytochrome P450 monooxygenases 
PAV present-absent variation 
pBdEF1α promoter of a Brachypodium elongationfactor 1-α 
PCA principle component analysis  
PCR Polymerase Chain Reaction 
PGRS plant growth rate during the period bracketing silking 
PH plant height 
PIN1 PIN-FORMED1  
pl purple plant locus 
PLA1 PLASTOCHRON1 
PTGS posttranscriptional gene silencing  
PZ peripheral zone  
QTL Quantitative Trait Locus 
RAM root apical meristem 
RIL recombinant inbred line 
RNAi RNA interference  
RT-qPCR Real-time quantitative PCR 
RZ rib zone  
SAM shoot apical meristem 
SFT SINGLE FLOWER TRUSS 
SINA2 SEVEN IN ABSENTIA 2  
SNPs single nucleotide polymorphisms 
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SP SELF PRUNING 
SS temperate Stiff Stalk  
SSH suppression substractive hybridization 
T transgenic 
T35S terminator 35S 
TBP TATA-binding protein  
TCP Teosinte branched1/Cycloidea/Proliferating cell factor 
td1 thick tassel dwarf1 
Tnos terminator of the nopaline synthase gene 
TOC1 TIMING OF CAB EXPRESSION 1 
TPSs terpene synthases 
TRAF TNF receptor-associated factor 
TTP trehalose-6-phosphate phosphatase  
UAS upstream activating sequence 
WAS weeks after sowing 
WOX WUSCHEL-LIKE HOMEOBOX 
Wt wild-type  
WUS WUSCHEL 
ZmEXPB6 β-expansin 6 
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Objectives 
An important challenge for agriculture in the coming years is increasing crop yield, to produce enough 
food to feed the growing world population. Increasing crop yield requires a good understanding of 
how plant growth is regulated. Plant growth is a dynamic process that dependent on various genetic 
and environmental cues. Identifying genes associated with growth, facilitates crop improvement by 
generating transgenic lines; genome editing or by integrating growth improving alleles in breeding 
programs. Several transgenes increasing growth, e.g. GA20-oxidase (GA20-OX) and PLASTOCHRON1 
(PLA1), were identified in our research group. In addition, the phenomenon heterosis, or the superior 
performance of the F1 hybrid relative to the parental inbred lines, can also make a considerable 
contribution to growth enhancement and is widely exploited in agriculture. However, the underlying 
mechanisms remain largely unknown. We aim to gain a better understanding of the processes 
involved in growth heterosis by using the maize leaf as a model system. Further, the effect of 
transgene expression on hybrid growth and leaf growth heterosis will be assessed. Additionally, we 
aimed to address some challenges posed when translating basic research findings to applications, 
such as evaluating transgenes in the field, transgene expressivity and promoter choice.  
Currently, transgenic lines are generated using the transformable B104 inbred line. B104 is a late 
flowering line, that does not allow the assessment of seed yield parameters in Belgium field trials 
(Voorend et al., 2016). As most commercial varieties are hybrids, we will evaluate five hybrids with 
the transformable B104 for good agronomical performance in field trial. If the B104 hybrid lines 
encounter no problems with seed development, they can later be used as genetic background to 
facilitate transgenic field research in the Belgium climate. Additionally, we will use the obtained 
hybrids assess  to involvement of the growth processes leaf elongation rate (LER) and leaf elongation 
duration (LED) in leaf heterosis and gain insights in the cellular and molecular base of leaf growth 
heterosis. 
The expressivity of two well-known growth enhancing transgenes, GA20-OX and PLA1, will be tested 
in the five B104 hybrids. PLASTOCHRON1 under control of the GA2oxidase promoter prolongs the 
period of leaf elongation duration (Sun et al., submitted) and the UBIL-GA20oxidase line increases the 
leaf elongation rate (Nelissen et al., 2012), in B104. Besides analyzing if the growth phenotypes are 
still observed in different hybrid backgrounds, we will also check if transgene expression can enhance 
the heterotic effect on growth. 
The promoter choice in transgenic research has large effects on the observed growth phenotypes. For 
example, constitutive overexpression of PLASTOCHRON1 in maize had negative effects on plant 
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architecture and reproduction, while mild specific expression had beneficial effects on plant growth 
and seed yield (Sun et al., submitted). Generating plants with interesting agronomical traits requires 
the testing of multiple promoter-gene combinations to identify the optimal expression pattern for a 
growth enhancing transgene, however at this time maize transformation is still very time-consuming 
and labor-intensive making it a bottle-neck. Limiting the number of transformations required to 
evaluate multiple promoter-gene combinations can be done by implementing a transactivation 
system as the UAS-GAL4 system, which was already successfully established in rice (Liang et al., 
2006). Therefore, we will test the UAS-GAL4 transactivation system in maize. 
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Summary and outline  
The increasing world population puts pressure on the food production, making crop yield 
enhancement an important challenge. To raise crop yield, a good understanding of plant growth is 
needed. The maize leaf provides an elegant model to monitor growth, because, the processes of cell 
division and cell expansion take place in an organized fashion in the growing leaf, with dividing cells at 
the base followed by elongating cells and mature cells towards the leaf tip. Several transgenic lines 
increasing leaf size by affecting distinct growth processes are available. Ectopic expression of 
PLASTROCHRON1 (PLA1), encoding a cytochrome P450, prolongs leaf elongation duration (LED) by 
maintaining cell division for a longer period. On the other hand, overexpression of GA20oxidase 
(GA20-OX), a rate-limiting enzyme in gibberellin biosynthesis, increases leaf elongation rate (LER) by 
shifting the transition between cell division and cell elongation towards the leaf tip, and thus 
increasing the number of dividing cells (chapter 1). 
Heterosis, the superior performance of F1 hybrids relative to the parental inbred lines, is a well-
known phenomenon that is widely exploited in agriculture. Numerous traits relevant to agriculture as 
grain yield and stover biomass are affected by heterosis, though heterosis levels varied between the 
investigated traits. Various studies could not identify a single gene set responsible for heterosis on 
numerous traits in multiple genotypes, demonstrating that unraveling the processes responsible for 
growth heterosis is quite challenging. Thus, the mechanisms underlying heterosis response are still 
poorly understood (chapter 2). 
The aim of this thesis was gaining a better understanding of growth heterosis using the maize leaf as 
a model and addressing some challenges of translating basic research on growth regulation into 
applications for crop improvement. In this thesis we addressed the following three: designing a 
strategy for field trials using the transformable B104 line, PLA1 and GA20-OX transgene expressivity 
and promoter choice. 
In a typical growing season in the temperate Belgium climate the B104 inbred line, that is routinely 
transformable, is not optimal for assessing grain yield in the field, due to its late flowering. We 
examined the performance of multiple yield related traits, such as seed yield and plant height, of five 
B104 hybrids over three growth seasons of field trials. The hybrids B104xCML91, B104xF7 and 
B104xMo17 were identified as well-performing lines with a stable heterotic response, suitable for 
testing transgenes in the field. The five generated hybrids were subsequently used in the growth 
chamber to study heterosis for growth related phenotypes, focusing mainly on leaf growth. LER was 
identified as the main process contributing to leaf length heterosis, while LED contributed minimally 
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to heterosis. Stimulating LED by ectopic expression of the PLA1 gene was not sufficient for enhancing 
LED heterosis, though the PLA1 phenotype showed high expressivity in the five hybrid lines (chapter 
3). 
Overexpression of GA20-OX resulted in both high expressivity of the growth phenotype as increased 
LER heterosis. Cellular analysis of the B104xMo17 hybrid that the overdominant heterosis effect 
(exceeding both parental lines) on leaf growth was due to an additive effect on division zone size and 
a dominant effect of cell cycle duration. In the GA20-OXxMo17 hybrid the division zone size heterosis 
increased from additive to overdominant, stimulating leaf growth further. At the transcript level of 
the B104xMo17 hybrid, very few overdominant genes were identified while the dominantly 
expressed genes were enriched for protein folding and translation. Additionally, several growth 
related genes were identified upregulated (e.g. CYCLIN-DEPENDENT KINASE B2-1) or down regulated 
(e.g. TCP transcription factors) in hybrids. Strikingly, the strong increase in heterosis of GA20-
OXxMo17 versus the B104xMo17 was associated with the differential expression of genes belonging 
to the same processes driving heterosis in the non-transgenic hybrid (chapter 4). Thus, this project 
enabled field trial evaluations of the generated growth-enhancing transgenes in Belgium and gained 
insights in heterosis of growth processes and how the transgenes can affect this. 
In addition we evaluated a transactivation system to minimize the amount of transformations needed 
to evaluate numerous specific promoters for transgene expression. Strong constitutive expression of 
transgenes, e.g. GA20-OX, is often used in basic research to gain insights in the function of a gene, 
but is frequently not desirable to obtain agronomical traits. Indeed, the translation of knowledge on 
how a gene functions to a new crop variety with improved traits usually requires more targeted gene 
expression. In this thesis, we assessed if and how the UAS-GAL4 system can be implemented in maize. 
A transient assay proved that the UAS-GAL4 system is functional in maize, but stable transformed 
activator lines, that drive the targeted expression of the GAL4/5xVP16 transactivator, could not be 
generated. Effector lines, containing a gene of interest under control of a minimal promoter and 
upstream activating sequences, had leaky expression. A codon optimized activator construct 
improves the transient expression and is a good candidate to test next in stable transformants 
(chapter 5).  
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Samenvatting en indeling thesis 
De toenemende wereldbevolking verhoogt de druk op de voedselproductie, waardoor het verbeteren 
van de gewasopbrengst een belangrijke uitdaging wordt. Het verhogen van de gewasopbrengst 
vereist een goede kennis van plantgroei. Het maïsblad biedt een elegant model om groei te 
bestuderen, omdat de processen van celdeling en cel-expansie gebeuren op een georganiseerde 
manier in het groeiende blad, met delende cellen aan de bladbasis, gevolgd door expanderende 
cellen en mature cellen. Verscheidene transgene lijnen die bladgrootte verhogen via verschillende 
groeiprocessen zijn beschikbaar. Ectopische expressie van PLASTROCHRON1 (PLA1), coderend voor 
een cytochroom P450, verlengt de periode van blad-elongatie (LED) door gedurende een langere 
periode celdeling te behouden. Aan de andere kant verhoogt overexpressie van GA20oxidase (GA20-
OX), een limiterend enzym nodig voor gibberelline biosynthese, de blad-elongatiesnelheid (LER) door 
de overgang tussen celdeling en cel expansie te verschuiven in de richting van de bladtip, en op deze 
manier het aantal delende cellen te vermeerderen (Hoofdstuk 1). 
Heterosis, ofwel de superieure prestatie van de F1 hybriden ten opzichte van hun ouderlijnen, is een 
welgekend fenomeen dat uitgebreid wordt toegepast in de landbouw. Verscheidene relevante 
kenmerken voor landbouwproductie zoals graanopbrengst en biomassa worden beïnvloed door 
heterosis, evenwel varieerden de heterosislevels tussen de onderzochte kenmerken. Verschillende 
studies slagen er niet in een universele set van genen te identificeren die verantwoordelijk zijn voor 
heterosis van verscheidene kenmerken in meerdere genotypes, dit toont aan dat het ontrafelen van 
de processen verantwoordelijk voor groeiheterosis een hele uitdaging is (Hoofdstuk 2). 
Het doel van deze thesis was om een beter begrip te krijgen van groeiheterosis door het maïsblad als 
model te gebruiken en een aantal uitdagingen aan te pakken gerelateerd met het vertalen van 
basisonderzoek over groeiregulatie naar applicaties voor gewasverbetering. In deze thesis werden de 
volgend drie aangepakt: ontwikkeling van een veldproefstrategie voor de transformeerbare B104 
inteeltlijn, PLA1 en GA20-OX transgen expressiviteit en promotorkeuze. 
In een typisch groeiseizoen in het Belgische klimaat is de B104 inteeltlijn, die routinematig 
getransformeerd wordt, niet optimaal om zaadopbrengst te evalueren in het veld, doordat deze lijn 
een laatbloeier is. We onderzochten meerdere gewasopbrengst gerelateerde kenmerken, zoals 
zaadopbrengst en planthoogte, in vijf B104 hybriden in drie groeiseizoenen in het veld. De hybriden 
B104xCML91, B104xF7 en B104xMo17 werden geïdentificeerd als goed presterende lijnen met een 
stabiele heterosis, gepast voor het evalueren van transgenen in het veld. De vijf B104 hybriden 
werden vervolgens gebruikt in de groeikamer om heterosis, of het superieure groeifenotype van de 
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F1 hybride ten opzichte van de ouderlijke inteeltlijnen, te bestuderen voor groei-gerelateerde 
kenmerken, vooral gericht op bladgroei. LER werd geïdentificeerd als het proces met de grootste 
bijdrage tot bladlengte heterosis, terwijl LED maar een minimale bijdrage leverde. Het stimuleren van 
LED door ectopische expressie van het PLA1 gen was onvoldoende om LED heterosis te verbeteren, 
alhoewel het PLA1 fenotype een hoge expressiviteit vertoont in de vijf hybride lijnen (Hoofdstuk 3).  
 GA20-OX overexpressie veroorzaakt zowel een hoge expressiviteit van het groeifenotype als 
verhoogde LER heterosis. Cellulaire analyse van de B104xMo17 hybride toont aan dat het 
overdominant heterosis effect (hoger dan beide ouderlijnen)  op bladgroei een gevolg was van een 
additieve effect voor de grootte van de delingszone en een dominant effect voor de celcyclus 
periode. In de GA20-OxxMo17 hybride werd de heterosis voor delingszonegrootte verhoogt van 
additief naar overdominant, waardoor bladgroei verder gestimuleerd werd. Op het transcript niveau 
van de B104xMo17 hybride, werden slecht enkel overdominante genen geïdentificeerd, en de genen 
met dominante expressie levels waren aangerijkt voor de categorieën eiwitopvouwing en translatie. 
Daarnaast werden verschillende groei-gerelateerde genen gevonden die opgereguleerd (bv. Cyclin-
dependent kinase B2-1) of neergereguleerd (bv. TCP transcriptie factors) waren in de hybriden. Het is 
opmerkelijk dat deze sterke verhoging in heterosis werd geassocieerd met differentieel 
geëxpresseerde genen die behoren tot dezelfde processen die heterosis aandrijven in de niet-
transgene hybride (Hoofdstuk 4). In conclusie, dit project maakt het mogelijk om veldproeven met 
groei-bevorderende transgenen uit te voeren in België en verkreeg inzichten in heterosis van 
groeiprocessen en hoe transgenen deze processen beïnvloeden. 
Daarnaast evalueren we een transactivatiesysteem om het aantal transformaties nodig om talrijke 
promotoren uit te testen voor transgen expressie te minimaliseren. Sterke constitutieve expressie van 
transgenen, bv. GA20-OX , wordt frequent gebruikt voor basisonderzoek om inzichten te verwerven in 
de functionaliteit van genen, maar is vaak niet wenselijk om agronomische kenmerken te verkrijgen. 
De vertaling van Kennis over genfuncties naar een nieuwe gewas variëteiten met verbeterde 
kenmerken vereist inderdaad vaak een gerichtere genexpressie. In deze thesis, beoordelen we of en 
op welke manier het UAS-GAL4 systeem in maïs kan worden geïmplementeerd. Een transiënte 
analyse toont aan dat het UAS-GAL4 systeem functioneel is in maïs, maar stabiele transgene lijnen, 
met gerichte expressie van de GAL4/5xVP16 transactivator, konden niet gegenereerd worden. 
Effectorlijnen, die een gen van interesse bevatten onder controle van een minimale promotor en 
activerende promotorelementen (UAS) waarop GAL4 kan binden, vertonen reeds expressie in de 
afwezigheid van de transactivator. Een codon geoptimaliseerd activator construct vertoont verbeterd 
transiënte expressie en is een goede kandidaat om te testen in stabiele transformanten (Hoofdstuk 
5).  
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Maize: an important crop and model system  
Maize (zea mays L.) also known as corn is a monocot grass species that is cultivated for stover and 
grain yield. Teosinte (Fig. 1.1A), the wild progenitor of the cultivated maize, was domesticated by 
human selection 6000-10.000 years ago (Doebley, 2004). The ear of teosinte has 5-12 kernels that 
disarticulate and are encased in a stony casing (Fig. 1.1B), enabling survival in the digestive track of 
animals (Vollbrecht and Sigmon, 2005). Conversely, maize ears can have more than 500 kernels, 
which do not disarticulate but stay on the cob and are not surrounded by a casing. So, where the 
teosinte kernels are easily dispersed by animals, maize is completely dependent on humans for its 
cultivation.  
 
Figure 1.1 Teosinte and maize. Teosinte (Zea mays ssp. mexicana) plant (A) and maize plant (C) at the 
reproductive stage and the ear of teosinte (B) and a primitive maize plant (D). Figure adapted from (Doebley, 
2004). 
 
The demand for food, feed and fuel is increasing due to the growing world population and changing 
diets, including more meat and dairy products. Therefore enhancing crop yield potential, the 
maximum yield reached in a non-limiting environment, and closing the yield-gap between the yield 
productivity and the yield potential are important challenges (Godfray et al., 2010). Maize is the grain 
crop with the highest annual production worldwide, producing more that one billion tonnes in 2014, 
with the U.S., China and Brazil as the top three maize producing countries (http://faostat3.fao.org/). 
Maize is cultivated world-wide and was adapted to various environments ranging from tropic to cool-
temperate climates, from sea level to more than 3000 meter altitude, and from wet to semi-arid 
lands (Demont and Tollens, 2004; Shiferaw et al., 2011). Maize varieties are often classified based on 
size and composition of the endopserm resulting in the kernel types : dent, flint, waxy, flour, sweet, 
pop, Indian, and pod corn (Ranum et al., 2014). Another classification is based on the genetic variety 
of DNA microsatellites between inbred lines, dividing the lines into the groups: non-Stiff Stalk (NSS), 
Stiff Stalk (SS), tropical inbreds (TS), popcorn, sweet corn and mixed lines (Liu et al., 2003). 
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In addition to being an important agricultural crop, maize is also a well-studied model organism. 
Maize has a reference genome sequence (Schnable et al., 2009), is transformable (Frame et al., 2002; 
Ishida et al., 2007) and has a large genetic mutant collection (Strable and Scanlon, 2009). Additionally, 
the maize leaf provides a great system to study growth due to its large size and linear organisation of 
the growth zones (Avramova et al., 2015b; Nelissen et al., 2012). Crossing maize is easy due to the 
physical separation between male and female flowers in maize (Strable and Scanlon, 2009). In maize 
research, the available genetic resources, for example tissue specific reporter lines, are limited in 
comparison with Arabidopsis, but efforts are being made to overcome this limitation (Wu et al., 
2013).  
Systems to control gene expression such as transactivation or chemical inducible systems would be a 
valuable addition to the maize toolbox due to the labor-intensive and time-consuming transformation 
process. Chemical inducible systems include glucocorticoid, ethanol, estradiol and heat shock 
inducible systems have proven successful in plants (Aoyama and Chua, 1997; Borghi, 2010; Roslan et 
al., 2001; Zuo et al., 2000). The ecdysone inducible system was successfully applied in maize using 
methoxyfenozide as inducible chemical (Unger et al., 2002). The pOp-LhG4 transactivation system 
was already applied in different plants species such as Arabidopsis (Baroux et al., 2005; Craft et al., 
2005; Rutherford et al., 2005), tobacco (Samalova et al., 2005) and tomato (Fernandez et al., 2009) 
and was recently also implemented in maize (Je et al., 2016). The pOp-LhG4 transactivation system is 
a binary system based on a modified Escherichia coli lac repressor (Moore et al., 1998), including 
driver and effector lines. In the progeny of a cross between the driver and effector line the gene of 
interest is specifically expressed. The UAS-GAL4 transactivation system is another promising 
transactivation system already successfully applied in plant research on Arabidopsis (Guyer et al., 
1998; Jia et al., 2007), rice (Liang et al., 2006) and maize cell culture (Schwechheimer et al., 1998) and 
is a good candidate to further testing in maize. 
 
Developmental phases in maize growth 
Post-embryonic plant shoot growth occurs in three phases: a juvenile vegetative phase, an adult 
vegetative phase and a reproductive phase (Poethig, 2003). Along the different developmental 
phases plant organ size, shape and rate of growth change. Certain traits, such as organ size, change 
gradually during development, while other traits like organ shape or epidermal features change 
rapidly at phase transition. In maize, the transition between juvenile and adult vegetative phases is 
characterized by changes in epidermal features (Bongard-Pierce et al., 1996; Moose and Sisco, 1994). 
In juvenile leaves the epidermal cells produce a wax layer and have no epidermal hairs, with the 
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exception of small prickle hairs along the margin of the leaf blade. Adult leaves on the other hand 
produce epidermal hairs and bulliform cells, but no wax layer. A maize plant consists of functional 
repetitive units called phytomers, each including an internode (section of stem between successive 
leaves), a node to which a leaf is attached and a bud (Fig. 1.2). In general, most maize plants produce 
four or five juvenile phytomers, followed by two to four transition phytomers and about ten adult 
phytomers before producing the tassel (Bongard-Pierce et al., 1996). 
 
 
Figure 1.2 The maize plant. A, A mature maize plant with reproductive organs (tassel and ear). B, The 
organization of a mature maize plant. Temporal developmental changes result in spatial variation in organ size 
and identity. Juvenile (yellow) and adult (green) leaves are formed during vegetative growth. At the 
reproductive stage male flowers (red) are produced in the tassel at the apex of the primary shoot, while female 
flowers (red) are produced at the apex of a lateral branch located near the middle of the shoot. Part A of the 
figure was generated using the PHENOVISION platform and part B of the figure was adapted from (Poethig, 
2003). 
 
The developmental transitions between the phases are regulated by various signal transduction 
pathways, which are affected by hormones, photoperiod, temperature and other environmental 
conditions (Mouradov et al., 2002). Mutations causing delayed juvenile-adult phase transition, by 
dominant gain-of-function (Teopod1, Teopod2, Teopod3, and Corngrass) (Poethig, 1988) or recessive 
loss-of-function (dwarf1, dwarf3, dwarf5 and anther ear1) shed more light on the developmental 
regulation (Evans and Poethig, 1995). In the gibberellin (GA) deficit dwarf mutants, the reduction of 
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bioactive GA levels delays the juvenile-adult phase transition and the adult vegetative to reproductive 
phase transition. The mutant dwarf1, which blocks conversion from GA20 to GA1 and GA5, can still 
delay phase change indicating that GAs late in the biosynthesis pathway are responsible for 
promoting phase change (Evans and Poethig, 1995). Additionally, the exogenous application of 
bioactive GA3 to dwarf1 mutant and wild-type maize resulted in accelerated vegetative and 
reproductive development. So, bioactive GA is one of the factors promoting vegetative and 
reproductive phase change in maize.  
MicroRNA156 (miR156) also plays a crucial role in vegetative phase change transition (Poethig, 2013). 
The corngrass mutant demonstrates that overexpression of miR156 can extend the juvenile phase 
(Chuck et al., 2007). miR156 levels are high in seedlings and decline as plants age causing phase 
transition. miR156 act by repressing the expression of SQUAMOSA PROMOTER BINDING PROTEIN 
genes, which are de-repressed during the adult vegetative phase and can induce expression of e.g. 
MADS box transcription factors, that promote maturation and flowering (Beydler et al., 2016; Yu et 
al., 2015b). In addition, the hormone jasmonic acid and sugars could be linked to miR156 levels and 
phase change. The application of jasmonic acid to maize seedling could prolong the juvenile phase by 
delaying the decline in miR156 levels (Beydler et al., 2016). Conversely, exogenous glucose or sucrose 
treatment  accelerate the vegetative phase transition by reduced the miR156 levels (Yu et al., 2015b). 
  
Processes involved in grain yield 
Maize yield and in particular grain yield is an important agronomical trait. Maize yield improvement 
during the last century can be divided into both agronomic and genetic components. Agronomical 
improvements include higher planting density, earlier planting dates, herbicide usage, optimal 
fertilization, irrigation and better control of weeds, insects and diseases (Duvick, 2005; Osteen et al., 
2012). Agronomical improvements were estimated to be 40-50% of the total yield improvement of 
the past six to seven decades in the U.S., whereas genetic improvements led to about 50 to 60% yield 
increase (Duvick, 2005). The genetic and agronomical contributions to yield improvement are not 
completely independent, for example lines that have higher, genetically determined, tolerance for 
high planting densities will stimulate higher planting densities (Fischer and Edmeades, 2010; 
Tollenaar and Wu, 1999). 
Total plant biomass can be divided in above-ground (e.g. stem, leaves, ears, tassel) and below-ground 
(e.g. roots) biomass. While below-ground biomass is not harvested, the roots are important for 
above-ground biomass production by maintaining a supply of water and nutrients to the growing 
plant (Guan et al., 2014). Total biomass production of a crop plant is dependent on the solar radiation 
CHAPTER 1 
 
18 | P a g e  
 
the canopy can intercept during the growth period and the efficiency at which the light energy is 
converted into dry matter (Tardieu, 2013). Total above-ground biomass can be divided in grain and 
stover (i.e., leaves, stalk, cob (central part of the ear), husk tissues, and tassel) yield. Grain yield can 
be attributed to the accumulation of dry matter (biomass) and the allocation of a portion of the total 
dry matter to the grain (Lee and Tollenaar, 2007; Tollenaar and Lee, 2006). Source components are 
the processes involved in dry matter accumulation (DMA), whereas sink components are the 
processes involved in allocation of the dry matter to the grain (Fig. 1.3). The balance of source and 
sink is important, because excess source capacity can lead to other tissues acting as sink and excess 
sink capacity can cause premature senescence of the leaves (Lee and Tollenaar, 2007; Rajcan and 
Tollenaar, 1999). The harvest index, the ratio of grain yield to the above-ground biomass yield, can 
increase as result of increased grain yield when the biomass yield remains relatively stable as seen in 
tropical germplasm (Lorenz et al., 2010). Alternatively, increases in grain yield can be accompanied by 
increases in stover yield resulting in a relatively stable harvest index, as was seen for maize grain yield 
in the U.S. corn belt (Lorenz et al., 2010). This suggests that improving stover biomass can help to 
elevate the grain biomass, by simultaneously increasing the source and sink capacity. 
 
Figure 1.3 Physiological processes of grain yield. Dissection of grain yield into physiological component 
processes during maize development. PGRS: plant growth rate during the period bracketing silking. Figure 
adapted from Lee and Tollenaar, 2007.  
 
DMA of the maize plant during the growth season is dependent on the duration of the life cycle, the 
light interception and utilization throughout this life cycle (Lee and Tollenaar, 2007). Light interception 
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is the amount of light that the plant can capture, which is mainly dependent on leaf area. Light 
utilization is the efficiency in which the plant can use the light energy and depends primarily on 
photosynthesis. The leaf angle determines the leaf position, affecting the light interception of a leaf 
and the total canopy utilization at high planting densities (Tollenaar and Lee, 2006). DMA before 
silking is dependent on the LAI (leaf area index), leaf angle, maximal leaf photosynthesis and the time 
until silking (Fig. 1.3). DMA post-silking relies on the leaf angle/area, visual stay-green (leaf 
senescence rate), functional stay-green (leaf photosynthesis level) and the duration of the grain-filling 
period (Lee and Tollenaar, 2007). DMA in modern hybrids accumulates for about 50% before silking 
and 50% during the grain-filling period (Tollenaar et al., 2004).  
The allocation of dry matter (DM) to the grain consists mainly of the DM that is accumulated during 
the grain-filling period as only limited DM that was accumulated before silking is re-located towards 
the grain (Cliquet et al., 1990). Allocation of DM to the grain is a function of the number of kernels 
per plant and the kernel weight. Grain yield is highly correlated with kernel number during stress 
conditions (Otegui et al., 1995) and in relation to grain yield heterosis (Tollenaar et al., 2004). The tip 
kernels of an ear grown in field conditions often fail to attain their maximal potential weight due to 
the insufficient resources reaching these kernels (Hanft et al., 1986). During the flowering period 
kernels are sensitive to abortion due to stresses such as shading, heat or drought (Cheikh and Jones, 
1994; Reed et al., 1988; Setter et al., 2001; Zinselmeier et al., 1999). Impaired sugar transport to the 
kernels is suggested to play a role in kernel abortion (Reed and Singletary, 1989; Zinselmeier et al., 
1999). The down-regulation of ACC synthase, a rate-limiting enzyme in ethylene biosynthesis, in 
maize hybrids can improve grain yield under abiotic stress conditions such as drought and low N by 
increasing the kernel number per ear and decreasing the anthesis-silking interval (Habben et al., 
2014). Similarly, overexpression of ZmARGOS8, a negative regulator of the ethylene signaling, 
improves grain yield under well-watered and drought stress conditions by significantly increasing the 
number of kernels per ear (Shi et al., 2015). 
The number of kernels per ear is dependent on kernel row number and the number of kernels per 
row. While stress and kernel number heterosis mainly affect the number of kernel per row, the kernel 
row number also has the potential to contribute to grain yield. Comparing cultivated maize with their 
wild relative teosinte revealed high difference in kernels per ear, where teosinte only possesses 5-12 
kernels per ear a maize ear can carry 500 or more kernels (Doebley, 2004). Teosinte only possessed 2 
kernel rows whereas modern maize varieties can have 20 kernel rows. The mutation or partial loss-of-
function of FASCIATED EAR2 (FEA2), a CLAVATA-like protein involved in controlling meristem size, 
showed that increasing inflorescence meristem size can increase kernel row number (KRN), however 
no increase in ear weight was found due to a compensatory reduction in kernel size (Bommert et al., 
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2013b). On the other hand, weak alleles of FASCIATED EAR3 (FEA3), a leucine-rich-repeat receptor 
involved in stem cell control, could increase the kernel row number, ear length, kernels per ear and 
ear weight (Je et al., 2016). So, both KRN and kernels per row contribute to grain yield and are 
potential targets for yield enhancement.  
In addition to kernel number, kernel weight also contributes to grain yield. The trait kernel weight was 
reported to show minimal variation across environments, whereas the trait kernel number had a 
strong sensitivity to the environment (D’Andrea et al., 2013). However, stress during grain filling, e.g. 
shading or heat, can negatively impact kernel weight and reduce grain yield per plant (Andrade and 
Ferreiro, 1996; Edreira et al., 2014). Final kernel weight is dependent on the duration of the grain 
filling period and the rate of kernel growth during the grain filling period (Borras and Otegui, 2001). 
The DA1 gene is known to negatively affect final organ and seed size in Arabidopsis by controlling the 
period of cell proliferation (Lee et al., 2009). Overexpression of Zmda1-1, mutant of ZmDA1, 
increased the individual seed weight and thereby enhanced the seed weight per ear (Wang et al., 
2012). Additionally, overexpression of the PLASTOCHRON1 (PLA1) gene, a positive regulator of the 
period of cell proliferation, resulted in higher kernel weight and kernel number due to a higher 
amount of kernels per row (Sun et al., submitted). 
 
The meristem: initiation of plant growth  
In contrast to human or animal development, organogenesis in plants is a postembryonic continuous 
process. Plants have the ability to initiate growth of new organs throughout their lifecycle. This plant 
growth is sustained by the production of new cells in the shoot apical meristem (SAM) and root apical 
meristem (RAM) (Castellano and Sablowski, 2005; Kalve et al., 2014). Stem cells are located in the 
central zone of the meristems and divide regularly at a low rate. The divisions of the stem cells occur 
to maintain the stem cell population and supply precursor cells of differentiated tissue. In maize, the 
SAM size is dependent on the genetic background (Leiboff et al., 2015; Vollbrecht et al., 2000). In the 
SAM, stem cell identity is maintained by signals originating from the nearby cells of the organizing 
center. By continuous cell division, cells move outside the range of these signals and start dividing 
faster and differentiate into organs such as leaves. The balance between maintaining stem cell fate 
and organ initiation is regulated by a negative feedback loop between the CLAVATA pathway and 
WUSCHEL homeobox transcription factor (Fig. 1.4A) (Kalve et al., 2014; Shani et al., 2006). The 
CLAVATA pathway appears to be conserved in monocots, as demonstrated by the maize CLAVATA 
receptor mutants thick tassel dwarf1 (td1)(Bommert et al., 2005) and fasciated ear2 (fea2) (Taguchi-
Shiobara et al., 2001), which cause shoot and inflorescence meristem enlargement. The maize gene 
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COMPACT PLANT2 encoding the α-subunit of a heterotrimeric GTP binding protein (Bommert et al., 
2013a) has a function in the CLAVATA signaling downstream of FEA2 (Bommert et al., 2013a). The 
maize KNOTTED1 (KN1) homeobox gene is expressed in the meristem, but absent in the leaves. The 
absence of KN1 expression results in a reduced meristem height and suggests a role in meristem 
maintenance (Vollbrecht et al., 2000). KNOTTED1 negatively regulates accumulation of bioactive 
gibberellins (GAs), by activation of GA2OX expression through direct binding on a cis-regulatory 
sequence in the intron (Bolduc and Hake, 2009). GA2oxidase (GA2OX) converts bioactive GAs into 
non-bioactive ones. Targets of KNOTTED1 include transcription factors and genes involved in 
hormonal pathways of GA, brassinosteroid and auxin (Bolduc et al., 2012).  
Precursor cells that originate from the SAM can initiate the formation of lateral organs, such as leaves 
or contribute to the main axis (Kalve et al., 2014). For leaf initiation, an auxin maximum at the flank of 
the SAM is required, which is generated by the auxin transporters AUX1 influx carrier and PIN1 auxin 
efflux carrier (Fig. 1.4B). Maize shoots could not initiate new leaf primordia when cultured on media 
containing the polar auxin transport inhibitor N-1-naphthylphthalamic acid (NPA) (Scanlon, 2003). 
KNOX (KNOTTED related homeobox) genes are expressed in the SAM but down-regulated in leaf 
primordia (Jackson et al., 1994). Maize shoots treated with NPA fail to down-regulate KNOX in the 
SAM, which was needed for leaf initiation, indicating that KNOX down-regulation was downstream of 
auxin transport (Scanlon, 2003). KNOX genes preserve the meristematic capacity of the cells in the 
SAM by positively regulating the cytokinin biosynthesis and negatively regulating the bioactive 
gibberillin levels (Bolduc and Hake, 2009; Kalve et al., 2014). Conversly, ASYMMETRIC LEAF1/ROUGH 
SHEATH2/PHANTASTICA (ARP) proteins stimulate differentiation in the leaf primordia and have an 
antagonistic relation with KNOX (Harrison et al., 2005; Timmermans et al., 1999).  
 Figure 1.4 The shoot apical meristem: maintenance and leaf initiation. The SAM is arranged in three 
functional zones (central zone (CZ), peripheral zone (PZ), and rib zone (RZ)) and three layers. Maintenance of 
stem cells (A) in the shoot apical meristem (SAM) is regulated by a WUSCHEL (WUS) and CLAVATA (CLV) 
antagonistic feedback loop. Other signals involved in the regulation of WUS/CLV are cytokinin, ARABIDOPSIS 
type-A RESPONSE REGULATORS (ARR), F box protein LEAF CURLING RESPONSIVENESS (LCR) and microRNA394 
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(miR394). Leaf growth (B) is initiated through an accumulation of auxin generated by the auxin transporters 
AUXIN RESISTANT1 (AUX1) and PIN-FORMED1 (PIN1). KNOTTED-like homeobox (KNOX1) plays a central role in 
stem cell maintenance by balancing the cytokinin (CK) and gibberellin (GA) hormone levels. Conversely, 
ASYMMETRIC LEAF1/ROUGH SHEATH2/PHANTASTICA (ARP) proteins regulate the differentiation in leaf 
primordial. The figure is adapted from Kalve et al., 2014. 
 
Leaf growth: interplay between cell division and cell expansion 
The leaves are the place where the fundamental processes of photosynthesis and respiration take 
place. Maize is a C4 plant with more efficient photosynthesis compared to C3 plants, for example rice. 
C4 photosynthesis is more efficient because of the high vein density due to the specialized Kranz 
anatomy, the highly coordinated photosynthesis in bundle sheet cells and mesophyll cells and C4 
specific enzymes to efficiently fix CO2 in molecules with four carbon atoms such as malate (Huang et 
al., 2016). Leaf number, shape, size and angle affect light interception and photosynthetic capacity 
and impact plant biomass and grain yield (Lee and Tollenaar, 2007; Pérez-Pérez et al., 2010). The 
maize leaf consists of a blade and sheath, separated by the ligule and auricle region, which 
determines the leaf blade angle relative to the stem (Fig. 1.5B) (Sylvester et al., 1990). The leaf grows 
along three axes (Fig. 1.5): proximodistal (leaf length), mediolateral (leaf width) and abaxial-adaxial 
(leaf thickness) (Foster and Timmermans, 2009). Typically, the leaf blade is longer than wider, so the 
primary growth axis is the proximo-distal axis along the leaf length. Leaf thickness is only a few cell 
layers and its contribution towards leaf weight is minimal as demonstrated by the high correlation 
between leaf area and weight in RIL populations (Baute et al., 2016; Baute et al., 2015).  
 
 
Figure 1.5 The maize leaf. A, Maize leaves can grow along three axes: proximodistal (leaf length), mediolateral 
(leaf width) and abaxial-adaxial (leaf thickness). B, A mature leaf consists of a sheath and leaf blade that are 
separated by ligule and auricle region. Figure adapted from (Foster and Timmermans, 2009) 
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The maize leaf, as many other plant organs, is formed post-embryonically by the processes of cell 
division and cell expansion. Cell division stimulates growth by generating new cells, whereas cell 
expansion increases the cell volume. At the start of leaf development the leaf consists solely of 
dividing cells. Later in development, cell divisions are restricted to the base of the leaf, while cells at 
the leaf tip start expanding (Nelissen et al., 2016). The maize leaf displays a linear organization of the 
growth processes along its longitudinal axis during the steady-state growth phase, with dividing cells 
at the leaf base, succeeded by expanding cells and towards the leaf tip mature cells (Ben-Haj-Salah 
and Tardieu, 1995). Maize leaf growth can only be monitored in a non-destructive way after the leaf 
grows out the whorl of older leaves (Johnston et al., 2015). A way to study leaf growth is by taking 
daily measurements of the leaf length, allowing the determination of the maximal leaf elongation 
rate (LER) and leaf elongation duration (LED) (Voorend et al., 2014). The first days after leaf 
appearance, LER is constant (steady-state), followed by a progressive decline over time (Fig. 1.6A). 
LED is a measure of the time period in which the leaf is growing (Fig. 1.6B).  
The leaf growth processes leaf elongation rate (LER) and leaf elongation duration (LED) are both 
correlated to final leaf length in a study of a 2-parent and 8-parent (MAGIC) population of 
recombinant inbred lines (RIL), but appear to be independent from each other (Baute et al., 2016; 
Baute et al., 2015). Conversely, LER and LED are anti-correlated upon mild drought stress. Mild 
drought stress causes a reduction in LER which is partially compensated by an increase in LED (Sun et 
al., submitted) and the magnitude of LER decrease and LED increase are correlated (Takasaki, in 
preparation). Increasing LER and LED by transgenic expression of GA20-oxidase (GA20-OX) and 
PLASTOCHRON1 (PLA1), respectively, could enhance leaf size demonstrating that stimulating either 
growth process can enhance growth (Nelissen et al., 2012; Sun et al., submitted). Stacking of both 
transgenes in the B104 line showed additive growth phenotypes, indicating that the processes can be 
genetically uncoupled (Sun et al., submitted). Overexpression of GA20-OX increases LER due to a 
larger division zone (DZ) size (Nelissen et al., 2012). DZ size could be correlated to final leaf length in 
two RIL populations (Baute et al., 2016; Baute et al., 2015). However, larger leaves due to higher LER 
are not always the consequence of a larger DZ size as was demonstrated by the inbred lines B73 and 
H99 that had a similar DZ size but significantly different LER and final leaf length (Baute et al., 2015). 
Thus, DZ size and LER are correlated with final leaf size, but have a partly independent relationship 
between each other. 
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Figure 1.6 Monitoring leaf growth. A, leaf elongation rate (LER) of leaf 4 followed through daily measurements. 
B, Leaf length (solid line) and LER (dotted line) data were fitted using LEAF-E. Leaf elongation duration (LED) can 
be calculated as the time interval between two specific leaf lengths. Panel A and B of the figure were adapted 
from (Nelissen et al., 2012) and (Voorend et al., 2014), respectively. 
 
The regulation of leaf growth is highly conserved between dicot and monocot species (reviewed in 
(Nelissen et al., 2016)). The GROWTH-REGULATING FACTOR (GRF) transcription factor family has an 
important function in regulating maize leaf growth. The GRF proteins interacting with the 
ANGUSTIFOLIA3 (AN3) protein, associated with the growth-regulating SWI/SNF chromatin remodeling 
complex, varied between the different growth zones in the maize leaf (Nelissen et al., 2015). 
Overexpression of a truncated GRF10 resulted in a reduced leaf size and plant height, indicating that 
GRFs are important in growth regulation (Wu et al., 2014). Several hormone regulatory pathways are 
involved in leaf growth regulation. The down regulation of brassinosteroid insensitive1 (BRI1), a 
brassinosteroid receptor, by RNAi reduced leaf growth through a reduction in cell division and cell 
expansion (Kir et al., 2015). Similarly, the dwarf3 mutant, defective in the gibberellin (GA) 
biosynthesis, had a reduced leaf growth through a reduced division zone size, containing less dividing 
cells (Nelissen et al., 2012). The overexpression of AUXIN REGULATED GENE INVOLVED IN ORGAN 
GROWTH 8 (ARGOS8) leads to reduced sensitivity to ethylene and improved grain yield in drought 
and well-watered conditions (Shi et al., 2015). In addition to single gene approaches, the maize leaf 
was also investigated by various genome-wide approaches including transcriptome (Baute et al., 
2016; Baute et al., 2015; Li et al., 2010; Wang et al., 2013; Yu et al., 2015a), proteome (Majeran et al., 
2010; Porubleva et al., 2001), phosphoproteome (Bonhomme et al., 2012; Facette et al., 2013) and 
metabolome studies (Pick et al., 2011; Riedelsheimer et al., 2012). Despite the identification of 
various molecular players involved in growth it remains a complex and poorly understood process 
including various pathways interconnected with numerous environmental and genetic cues. 
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Leaf growth in response to stress 
During their lifecycle plants are exposed to various environmental stresses such as drought, cold or 
flooding. Because plants are sessile they cannot avoid the environmental stress but have to adapt to 
the stress conditions. The plant will redirect its resources otherwise used for growth towards stress 
response causing a reduction in growth rate. A growth reduction can be favorable under severe 
drought stress decreasing the transpiration rate and saving water enabling the plant to complete its 
lifecycle, but under mild stress this growth reduction is unfavorable due to the reduction of leaf area 
and thus photosynthesis and accumulation of biomass (Claeys and Inzé, 2013; Skirycz and Inzé, 2010; 
Tardieu, 2012). To overcome stress conditions the plant can adapt different strategies but always a 
trade-off must be made between maintaining growth and the risk of crop failure (Claeys and Inzé, 
2013; Tardieu, 2013). The plant can try to escape stress by completing this lifecycle quickly or try to 
avoid stress for example by reducing leaf area and closing stomata to preserve water in case of water 
deficit. The stress response differs depending on the severity and type of the stress and the 
developmental time when plants are confronted with stress (Harrison et al., 2014).  
Drought stress is a frequent stress that is predicted to increase in the future due to global warming 
(Harrison et al., 2014). During the reproductive phase drought can result in the abortion of kernels 
and consequently reduce grain yield (Otegui et al., 1995; Zinselmeier et al., 1999). Drought stress at 
the vegetative developmental stages reduces leaf growth, decreasing leaf area available for light 
interception and thus the biomass that can be accumulated through photosynthesis (Tardieu, 2013). 
The immediate response of the plant to water deficit is the significant reduction of leaf elongation 
rate (LER), the magnitude of LER reduction is correlated to the severity of the stress (Acevedo et al., 
1971; Avramova et al., 2015a; Tardieu et al., 2000). Reduced LER in response to water deficit was 
linked to both cell division and expansion in epidermis, with reductions in the number of dividing 
cells, the cell division rate and cell size (Avramova et al., 2015a; Nelissen et al., submitted). The 
reduction in cell division rate can be linked to transcriptional down-regulation and changes in 
phosphorylation status of cell-cycle related genes (Avramova et al., 2015a; Bonhomme et al., 2012). 
Drought stress was reported to reduce p34cdc2 kinase activity, involved in cell cycle progression, 
affecting the cell division rate (Granier et al., 2000). Investigating transcriptional changes in the 
division, elongation and mature zone of the maize leaf upon drought stress showed down-regulation 
of cell-cycle related genes, including the cyclins, cyclin-dependent kinases, minichromosome 
maintenance transcripts and anaphase-promoting complex (APC) subunits transcripts (Avramova et 
al., 2015a). Complementarily, investigating the phosphorylation status of phosphoproteins in 
response to mild and severe drought stress in the maize leaf uncovered changes in proteins involved 
in chromatine remodeling, cell division or cell expansion-related processes and phytohormone-
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responses and signaling (Bonhomme et al., 2012). Additionally, transcript levels of expansin genes, 
known to affect cell wall extensibility, decreased under water deficit in the maize growth zone 
indicating that cell wall properties are altered in response to drought (Muller et al., 2007). Expansins 
encode for proteins involved in cell wall loosening, enabling the expansion of cells, this can be either 
by elongation and/or widening (Muller et al., 2007). Leaf growth reduction due to salt stress was also 
correlated with the reduced expression of ZmEXPB6 (β-expansin 6) and could be rescued by the 
exogenous application of ZmEXPB6 (Geilfus et al., 2015).  
 
Gibberellins and their function in growth 
Gibberellins (GAs) are phytohormones involved in the regulation of plant growth and development. 
GAs are known key growth regulators with multiple roles in plant developmental processes such as 
seed germination, vegetative growth, flowering and fruit development (Richards et al., 2001; Sun, 
2010). GA made an impact on agriculture during the green revolution in the 1960s with the 
introduction of semi-dwarf varieties that contributed to increasing grain yields (Monna et al., 2002; 
Peng et al., 1999).  
Historically, GAs were first discovered as the causal agent of the ‘foolish-seedling’ disease in rice, 
causing excessive elongation in plants infected with the fungus Gibberella fujikuroi (Davière and 
Achard, 2013). Numerous GAs were identified, but only few are biologically active (Richards et al., 
2001). Many of the not bioactive GAs are precursors or deactivated forms of the bioactive GAs. The 
GA biosynthesis pathway consists of three classes of enzymes: terpene synthases (TPSs), cytochrome 
P450 monooxygenases (P450s) and 2-oxoglutarate–dependent dioxygenases (2ODDs) (Fig. 1.7) 
(Hedden, 2012; Yamaguchi, 2008). Geranylgeranyl diphosphate (GGDP) is a common C20 precursor 
for diterpenoids, such as GA. In the conversion of GGDP to ent-kaurene two TPSs, ent-copalyl 
diphosphate synthase (CPS) and ent-kaurene synthase (KS), are involved. Ent-Kaurene is then 
converted to GA12 by the two P450s ent-Kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO). 
GA20-oxidase (GA20ox) and GA3-oxidase (GA3ox) then convert GA12 to the bioactive GA4. GA12 is 
also a substrate of GA13ox producing GA53, a precursor of the bioactive GA1. The bioactive GAs and 
their precursors can be deactivated by various mechanisms. 2β-hydroxylation by GA2ox, methylation 
by gibberellin methyltransferases, 16α,17-epoxidation by a cytochrome P450 and conjugation are 
suggested to play a role in the regulation of bioactive GA concentrations. GA concentrations are 
subjected to developmental, hormonal and environmental regulation (Claeys et al., 2014; Yamaguchi, 
2008). 
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Figure 1.7 Gibberellin biosynthetic and catabolic pathways. Biosynthesis of the bioactive gibberellins GA1 and 
GA4 is mediated by the enzymes ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS), ent-
kaurene oxidase (KO), ent-kaurenoic acid oxidase (KAO) and GA-oxidases. Bioactive GA can be inactivated by 
GA2-oxidase (GA2ox). Figure from (Olszewski et al., 2002). 
 
GA inhibits the function of the DELLA proteins thereby elevating the DELLA-mediated growth 
restraint, resulting in growth promotion (Fig. 1.8) (Achard and Genschik, 2009). Thus, GA is an 
inhibitor of an inhibitor of plant growth and activates plant growth by de-repression. DELLA proteins 
are highly conserved in different plant species including Arabidopsis, rice, wheat and maize (Davière 
and Achard, 2013). Research on GA insensitive and GA deficient mutants shed light on the 
mechanism of the GA signaling pathway (Achard and Genschik, 2009). GA is perceived and bound by 
the GA receptor GA insensitive dwarf (GID1) and forms a complex with the DELLA proteins (GA-GID1-
DELLA complex)(Murase et al., 2008; Sun, 2010). The GA-GID1-DELLA complex enhances the affinity 
between the DELLA protein and an SCF E3 ubiquitin-ligase complex. DELLA proteins are subsequently 
ubiquitinylated and targeted for destruction by the 26S proteasome. DELLA represses GA dependent 
processes through their function as transcription factor and by interacting with regulatory protein 
blocking their DNA-binding capacity (Claeys et al., 2014; Davière and Achard, 2013).  
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Figure 1.8 Gibberellin - DELLA signal transduction. Gibberellin (GA) can form a complex with DELLA and GA 
insensitive dwarf (GID1) targeting DELLA for degradation by the 26S proteasome through SCF ubiquitin E3 
ligase-mediated ubiquitination. Figure adjusted from (Colebrook et al., 2014). 
 
Gibberellins interact with different plant hormones to affect various growth traits. Auxin-GA 
interaction positively stimulates stem elongation (Yamaguchi, 2008). Another example of the tight 
regulation and balance between GA and hormones is abscisic acid (ABA), they have an antagonistic 
function in seed development and germination (White et al., 2000).  
Bioactive GAs are also involved in the transition between meristematic dividing tissue and mature 
differentiated tissue. The KNOTTED-like homeobox (KNOX) genes are expressed in the shoot apical 
meristem and repress GA20-OX to maintain the meristemic identity of the stem cells. On the other 
hand KNOX stimulates cytokinin biosynthesis through isopentenyl transferase (IPT) upregulation, 
which in turn can induce GA2-oxidase (GA2OX) expression. In the maize leaf, bioactive GAs showed a 
specific peak around transition between division and expansion zone alongside a peak in GA20-OX 
expression. This suggests a tightly controlled regulation of transition between cell division and cell 
expansion by bioactive GAs. A reduction in GA levels resulted in a smaller division zone size, as 
demonstrated in the dwarf3 mutant which was defective in early GA biosynthesis. Overexpression of 
GA20-oxidase (GA20-OX), a rate-limiting enzyme in GA synthesis, gave rise to a higher growth rate 
due to an enlarged division zone. So, GA is involved in the regulation of transition from meristematic 
dividing tissue to expanding tissue (Nelissen et al., 2012).  
In Arabidopsis, a study of GA-signaling mutants uncovered that gibberellin stimulates cell expansion 
and cell division (Achard et al., 2009). Overexpression of GA20-OX resulted in the formation of larger 
leaves due to the higher levels of bioactive GA stimulating cell division and cell expansion (Gonzalez 
et al., 2010). While, overexpression of the AtGA20-OX in maize caused larger leaves due to a higher 
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leaf elongation rate (Fig. 1.9). The higher LER during leaf growth of GA20-OX overexpressing maize 
plants could be attributed to an enlarged division zone stimulating cell division. Cellular analysis of 
the dwarf3 mutant, defective in the conversion of ent-kaurenoic acid to GA12 blocking the 
biosynthesis of bioactive GA1, revealed that a smaller division zone containing less cells was 
responsible for the growth reduction. Similarly, the mutant dwarf8, defective in GA signaling by 
DELLA stabilization, also had a reduced leaf growth due to reduced division zone size. This 
observation indicates that regulation of the transition from cell division to expansion is DELLA-
dependent (Nelissen et al., 2012). 
 
 
Figure 1.9 Effects of GA20-OX overexpression on Leaf Growth. Leaf elongation rate (A) and leaf growth 
phenotype (B) of the UBI::GA20OX-1 line and its wild-type (Wt). Figure modified from Nelissen et al., 2012. 
 
KLUH and PLASTROCHRON1, have a role in growth stimulation 
The cytochrome P450 CYP78 gene family comprises several genes with a known function in plant 
growth. The KLUH gene encodes for a protein from the CYP78A subfamily of the cytochrome P450 
monooxygenase family and plays a role in regulating vegetative and reproductive growth in different 
plant species. In Arabidopsis, KLUH positively stimulates leaf and seed size by promoting cell 
proliferation (Adamski et al., 2009; Anastasiou et al., 2007; Sun et al., submitted). In tomato, KLUH 
positively regulated fruit size (Chakrabarti et al., 2013), while in wheat and soybean KLUH positively 
regulated seed size (Ma et al., 2015; Wang et al., 2015). PLASTOCHRON1 (PLA1), encoding a 
cytochrome P450 CYP78, affected vegetative growth in rice and maize. In rice PLA1 affected timing of 
leaf initiation and termination of vegetative growth (Miyoshi et al., 2004). In maize, PLA1 mild 
overexpression resulted in an increase in biomass and seed yield (Sun et al., submitted).  
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Figure 1.10 Effects of GA20-OX overexpression on Leaf Growth. Leaf elongation rate (A) and leaf growth 
phenotype (B) of the GA2OX::PLA1 transgenic (T) and non-transgenic (NT) plants. Figure modified from Sun et 
al., submitted. 
 
KLUH expression in Arabidopsis and PLA1 expression in maize had comparable growth effects. A kluh 
mutant in Arabidopsis and pla1 mutant in maize have reduced growth due to a premature arrest of 
cell division, resulting in smaller organs with fewer cells (Anastasiou et al., 2007; Sun et al., 
submitted). Ectopic expression of AtKLUH and ZmPLA1 on the other hand resulted in larger organs 
with more cells in both Arabidopsis as maize, respectively. Maize research revealed that PLA1 ectopic 
expression had no effect on the kinematics during steady-state growth two days after appearance of 
the fourth leaf, but that the leaf elongation rate (LER) and division zone (DZ) size remained maximal 
for a longer period resulting in a longer leaf elongation duration (LED) (Fig. 1.10A) (Sun et al., 
submitted). Phenotypically PLA1 ectopic expression positively affects various traits in maize including 
stover biomass, leaf size (width, length and area), plant height, stem width, seed yield, number of 
kernels per row, kernel volume and ear weight. This PLA1 phenotype persisted in both lab and field 
conditions and in hybrid background indicating the PLA1 phenotype is a robust trait (Sun et al., 
submitted).  
KLUH and PLA1 potentially work in a dose-dependent manner as was demonstrated by constitutive 
expression that negatively affects plant architecture and reproduction (Anastasiou et al., 2007; Sun et al., 
submitted). However, due to the use of specific promoters to obtain favorable growth phenotypes, 
we cannot exclude that an altered expression pattern rather than a shift in expression level is 
responsible. Endogenous AtKLUH and ZmPLA1 expression was detected at the base of developing 
organs (Anastasiou et al., 2007; Sun et al., submitted). KLUH functions non-cell autonomously, but the 
KLUH protein itself is not mobile (Adamski et al., 2009; Anastasiou et al., 2007). The current 
hypothesis is that KLUH generates a mobile growth signal that is not related to the known 
phytohormones and forms a gradient over the growing leaf affecting the progression of the cell cycle 
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arrest front (Anastasiou et al., 2007; Kazama et al., 2010; Rodriguez et al., 2014). However, 
transcriptome and hormonal analysis of the maize leaf suggest a function for auxin in PLA1 
stimulated growth (Sun et al., submitted). The enhancement of leaf growth by PLA1 through a longer 
period of growth (higher LED) is independent from the growth stimulation by GA20-OX through a 
higher growth rate (higher LER) (Sun et al., submitted).  
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Historical overview heterosis 
Heterosis or hybrid vigor is the superior performance of the F1 hybrid relative to the parental lines. As 
early as 1876 Charles Darwin described that the progeny of cross-pollinated plants are taller 
compared to the progeny of self-pollinated plants (Duvick, 2001). Even in ancient times people had a 
notion of heterosis as demonstrated by the existence of mules, the progeny of a female horse and 
male donkey, that are known for their endurance (Troyer, 2006). The phenomenon was first described 
by Charles Darwin, but rediscovered at the start of the 20th century by George Harrison Shull and 
Edward Murray East in maize (Baranwal et al., 2012; Duvick, 2001; East, 1936; Shull, 1948). In 1914, 
Shull proposed the word heterosis to replace the term ‘heterozygosis’ and similar terms that were 
used (Shull, 1948). Heterosis was defined as a group of observable phenotypes that are free of any 
hypothesis, meaning that the term heterosis does not imply any underlying mechanism (Shull, 1948). 
It was intended that the term heterosis covered the entire process including observable and invisible 
effects of the combination of gametes from various inbred lines. Initially, heterosis received limited 
interest from agriculture due to the poor seed yield of the inbred lines needed to produce hybrid 
seeds, raising the cost of seed production. In 1919, Jones suggested using two of the single-cross 
hybrids to generate double-cross hybrids, which reduced the cost of seed production and rendered 
hybrids as a feasible alternative for open-pollinated maize varieties (Hallauer, 2008). The greater 
uniformity, increased yield and the improved drought resistance of the hybrids leading to a fast 
adoption by farmers. The selection of improved inbred lines with a high yielding seed production 
made the production of single-cross hybrid lines possible during the 1960s (Crow, 1998). Yield 
heterosis contributed to the improvement in crop yield during the 20th century and proves to be 
economically important for agriculture (Duvick, 2005). Looking at the period 1860-1930, before the 
introduction of hybrids, there was no strong annual increase in U.S. maize yield of the open-
pollinated varieties, whereas during the double-cross hybrid period (1930-1960) and single-cross 
hybrid period (from 1960 onwards), yield increased annually with 1 and 2 bushel per acre (63-126 
kg/hectare), respectively (Crow, 1998). Even though the inbred lines greatly improved during the last 
century, hybrids remained superior relative to their inbred lines showing the strength of the heterotic 
response. Maize provides an excellent model system to study yield heterosis because of its high levels 
of yield heterosis and commercial use in agriculture. Maize also has a wide range of natural variation 
(Flint‐Garcia et al., 2005; Liu et al., 2003) and allows relatively easy self- and cross-pollination.  
 
Classification of heterosis 
Heterosis is a widespread phenomenon, occurring in various plant species including flower, vegetable 
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and cereal crops (Fu et al., 2014). In agriculture heterosis was first exploited in maize starting in the 
1930’s (Crow, 1998), while commercialization of hybrid lines in other crops such as rice, sorghum and 
sunflower followed (Fu et al., 2014). For example, rice hybrids were only commercially available 
starting from 1976 in China and from 2000 in the U.S., after which farmers rapidly adopted the rice 
hybrids (Khush, 1995; Nalley et al., 2016). Multiple traits are affected by heterosis including leaf 
length, plant height, plant biomass, grain yield and stress resistance (Flint-Garcia et al., 2009). The 
performance of the hybrid can be classified in relation to the parental lines. The degree of heterosis 
can be expressed relative to the mid-parent value (mid-parent heterosis) or the highest parent (high-
parent heterosis) (Fig. 2.1). Additionally, the heterotic effect of hybrid can be classified into 
categories: additive (comparable to the mid-parent value), dominant (significantly different for mid-
parent and comparable to one parental level) or overdominant (significantly outside parental range). 
Various efforts are made to predict hybrid performance and heterosis levels based on genomic, 
transcriptomic, metabolomic and phenomic data of the parental inbred lines (Edlich-Muth et al., 
2016; Gärtner et al., 2009; Riedelsheimer et al., 2012; Zenke-Philippi et al., 2016). Maize inbred lines 
could be divided into heterotic breeding groups based on their genetic diversity (Liu et al., 2003), to 
facilitate the selection of genetically diverse inbred lines to generate well-performing hybrids. The 
ability to predict hybrid performance could give insight in the molecular basis of yield heterosis and 
help guide breeding efforts.  
 
 
 Figure 2.1 Classifications of heterosis. The level of heterosis of the F1 hybrid can be established relative to the 
mid-parent (MP) value of the parental lines (mid-parent heterosis) or relative to the best performing parent 
(high-parent heterosis). Hybrid performance can be classified as additive (comparable to MP), dominant 
(significantly different for MP and comparable to the parental level) or overdominant (significantly outside 
parental range). 
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Physiological basis of grain yield heterosis 
Yield heterosis has made a substantial contribution to agriculture, resulting in most cultivated maize 
being hybrid. Grain yield is of particular interest to agriculture and displays heterosis (Liu and 
Tollenaar, 2009; Qi et al., 2010; Tollenaar et al., 2004). Heterosis in maize was observed in various ear 
and kernel related traits including ear diameter, ear weight, ear length and kernel weight (Flint-Garcia 
et al., 2009; Tollenaar et al., 2004). Grain yield heterosis can be attributed to both heterosis for dry 
matter accumulation (DMA) and partitioning of the dry matter to the grain (i.e., harvest index) 
(Tollenaar et al., 2004). 
Heterosis for DMA is a dynamic process, varying between the environments and throughout the life 
cycle (Edlich-Muth et al., 2016; Tollenaar et al., 2004). DMA is dependent on light interception and 
utilization throughout this life cycle (Lee and Tollenaar, 2007). Hybrids have a higher leaf area index 
(LAI), green leaf area relative to ground surface, compared to inbred lines increasing light interception 
(Liu and Tollenaar, 2009; Tollenaar et al., 2004). Leaf size heterosis, including leaf length and leaf 
width is observed in numerous maize hybrids (Auger et al., 2005a; Flint-Garcia et al., 2009; Pavlikova 
and Rood, 1987; Song et al., 2016). The degree of heterosis was about 2 times higher for leaf length 
relative to leaf width, and leaf area heterosis increased from the bottom leaves to the higher leaves in 
elite maize lines (Tollenaar et al., 2004). In the grain-filling period, hybrids also had larger leaves (Song 
et al., 2016) and hybrids showed delayed leaf senescence, meaning the leaves stayed green for a 
longer period as was demonstrated by chlorophyll content, leading to heterosis for light interception 
(Betrán et al., 2003; Song et al., 2016; Tollenaar et al., 2004). During the grain-filling period the 
photosynthetic rate per unit leaf area decreased, this decline was faster in inbreds compared to 
hybrids, causing an increase in heterosis for photosynthetic rate (Ahmadzadeh et al., 2004). Hybrids, 
originating from inbred lines with contrasting maturity, display negative mid-parent heterosis for 
silking date, causing their grain-filling period to be longer (Betrán et al., 2003; Iqbal et al., 2010). 
Hybrids, originating from inbred lines with similar maturity, can have a similar or earlier silking date 
compared to the inbred lines (Song et al., 2016). The harvest index, proportion of grain weight to 
total above ground weight, illustrates the partitioning of dry matter to the grain. Heterosis for the 
harvest index was mainly associated with an increased kernel number in the hybrids compared to the 
inbred lines (Tollenaar et al., 2004).  
Grain yield heterosis is also affected by environment conditions. The assessment of heterotic yield 
effects in 12 hybrids across three years in the field showed Genotype – environment (G x E) 
interactions indicating that hybrids and inbred lines vary in their response to the environment 
(Tollenaar et al., 2004). The degree of heterosis for grain yield was negatively correlated with the 
absolute values for grain yield suggesting hybrids are more tolerant to stress conditions. Genetic 
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improvement of maize hybrids was associated with the improved tolerance to stresses e.g. higher 
planting densities (Fischer and Edmeades, 2010; Tollenaar and Wu, 1999). Grain yield and harvest 
index heterosis increased under high planting density (12 plants m–2) compared to low planting 
density (4 plants m–2), while heterosis for dry matter accumulation and LAI was not affected by 
planting density (Liu and Tollenaar, 2009).  
 
Heterosis on the cellular level  
Yield heterosis is indisputably linked to growth enhancement. Leaf growth is a useful trait to 
investigate because the larger photosynthetic surface of hybrids relative to parental inbred lines is 
likely to contribute to the rapid growth and yield in hybrids (Offermann and Peterhansel, 2014; 
Tollenaar et al., 2004). Additionally, the maize leaf blade provides a great model to study growth 
heterosis at the cellular level. At the cellular level growth can be driven by an increase in cell number 
and/or cell size. Leaf size heterosis is mainly attributed to a higher amount of cells rather than bigger 
cells (East, 1936; Pavlikova and Rood, 1987). A detailed study on four hybrids and their parental lines 
on leaf growth revealed overdominance for the leaf blade area (Pavlikova and Rood, 1987). Leaf blade 
area can be reduced to the components length and width, which in turn can be divided in the 
components cell number and cell size. Heterosis was observed for leaf length for all hybrids and leaf 
width in three of the four hybrids. Cellular analysis was performed on epidermis cells of the leaf 
sheath that proved to be comparable to epidermal cells in the leaf blade. The overdominance of the 
blade area could be attributed to incomplete dominance of larger and wider cells in combination with 
an overdominant cell number. The observed overdominance for cell number in both leaf length and 
width implies that heterotic effects were mediated by an increase in mitotic activity. So, increased cell 
number was identified as the main driving force in heterotic leaf growth. However, in maize seed 
germination heterosis, cell expansion was reported to as the main contributor (Li et al., 2016), 
indicating that cell number alone could not explain all heterotic responses at a cellular level. 
The cell number regulator (CNR) genes, maize orthologs of the tomato fruit weight gene fw2.2 gene, 
have been described in relation to plant size heterosis (Guo et al., 2010). The endogenous expression 
of ZmCNR2 was negatively correlated to dividing tissues and reduced in the fast growing B73XMo17 
hybrid relative to the parental inbred lines. Transgenic overexpression of the ZmCNR1 resulted in 
reduced organ and plant size, while downregulation resulted in an increased organ and plant size. 
Cellular measurements on leaf epidermal cells demonstrated no differences in cell size, so an altered 
cell number explained the growth phenotypes. Further, ErbB-3 binding Protein 1 (ZmEBP1), a 
homologue of the Arabidopsis EBP1, had an overdominant expression profile in developing ears in 
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maize hybrids and overexpression in Arabidopsis enhanced growth by an increase in cell number 
(Wang et al., 2016). Thus, the genes identified in relation to growth heterosis mainly appear to effect 
cell number. Cell number has not reached a maximal level in hybrids as demonstrated by the 
constitutive transgenic overexpression of ZAR1, homologue of the Arabidopsis ARGOS gene, in hybrid 
maize pushing hybrid growth by further increasing the cell number (Guo et al., 2014).  
 
Heterosis and inbreeding depression: two sides of the same story 
Self- pollination of the F1 hybrid or an open pollinated variety over several generations leads to a 
gradual decrease in vigor due to a loss in heterozygosity, this is known as inbreeding depression. So, 
heterosis and inbreeding depression are two sides of the same phenomenon. Inbred lines have the 
advantage to generate uniform progeny, but at the cost of a reduced growth performance compared 
to open pollinated varieties. F1 hybrids on the other hand have the advantage of a uniform high 
yielding performance. It is well known that inbreeding is detrimental for the resulting progeny, 
lowering fertility and fitness. This can be explained by the fact that when looking at a dominant allele, 
this can result in a favorable or detrimental condition of a trait, which is inherited in a Mendelian 
fashion, thus segregating in the progeny. As a result of inbreeding over several generations, favorable 
alleles will be lost in the off-spring (Davenport, 1908). Deleterious alleles are present in low 
frequencies within natural populations because of the mutation-selection balance (Charlesworth and 
Willis, 2009). Mutations and recombination introduce deleterious alleles in the population whereas 
natural selection removes these mutations from a population (Henter and Fenster, 2003). In most 
cases these mutations will be deleterious, because random variation is unlikely to improve a complex 
and specialized mechanism such as plant growth. For example, mutations causing yellow spots on the 
leaves can be passed through to the progeny resulting in diminished chlorophyll function (Collins, 
1921). On the other hand, deleterious variations such as albinism which are lethal for plants can only 
be preserved in hybrid background. Inbreeding depression is proposed to be the result of an 
accumulation of multiple deleterious alleles in the genome in combination with a few loci that are 
optimal in heterozygous state (Charlesworth and Willis, 2009).  
 
Hypotheses involving the molecular basis of heterosis 
Despite the significant contribution of yield heterosis to agriculture, the mechanisms behind yield 
heterosis have remained largely unknown. Early on different theories about the underlying 
mechanisms of yield heterosis were proposed. Two hypotheses (Fig. 2.2A-B) to explain heterosis are 
gene complementation (dominance) (Davenport, 1908; Jones, 1917) and gene interaction 
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(overdominance) (Gates, 1909). It should be noted that these hypotheses are not mutually exclusive.  
The dominance hypothesis states that the inbred lines contain deleterious alleles at different loci that 
reduce their fitness. In the F1 hybrid the deleterious alleles are complemented, resulting in a superior 
phenotype (Springer and Stupar, 2007b). If true it should be possible to generate an inbred line with 
all beneficial alleles, however to date this has not been achieved. If beneficial and deleterious alleles 
are closely positioned next to each other on the chromosome they are likely to be inherited together. 
Thus, genetic linkage complicates the combination of all beneficial alleles in one inbred line. The 
dominance hypothesis can be extended to the complementation of genes which are absent in one of 
the parental lines (Fu and Dooner, 2002). Genetic colinearity, the concept that different individuals of 
a species contain the same genes in the same linear order, does not hold true for various maize 
inbred lines (Fu and Dooner, 2002). So, gene deletions between the parental inbred lines lead to 
hemizygous complementation in the F1 hybrid. 
The overdominance hypothesis (Fig. 2.2B) on the other hand states that the heterozygous 
combination of alleles at a given locus outperforms either homozygous state. For example the 
combination of two distinct alleles in the hybrid which encode for stable proteins under different 
environmental conditions, causing the hybrid to have a higher protein stability and activity over a 
wide range of environmental conditions compared to the inbred lines. A well-known example from 
the human genetics field is the sickle-cell allele that protects against malaria in heterozygous state, 
but has deleterious effects in homozygous state (Currat et al., 2002). Evidence of the overdominance 
theory was also described in plants, for example in case of the SINGLE FLOWER TRUSS (SFT) gene. 
Different mutant alleles of the SFT gene can result in overdominant sft/+ heterosis for yield in tomato 
(Blum, 2013). The yield heterosis could be confirmed in various field experiments and in multiple 
genetic background, proving that sft/+ heterosis is highly robust (Krieger et al., 2010). Other examples 
include the Ma gene in sorghum and purple plant locus in maize (Blum, 2013). The Ma gene controls 
response to photoperiod and flowering initiation time in sorghum. The heterozygous condition of a 
single gene, Ma/ma, in sorghum resulted in hybrid vigor as demonstrated by the greater plant size 
during the same growth period (Quinby and Karper, 1946). In maize the purple plant locus (pl), 
involved in anthocyanin pigment synthesis, is involved in single gene overdominance heterosis 
(Hollick and Chandler, 1998). Hybrids with an epigenetic modified pl allele had significantly higher 
anthocyanin levels than either of the homozygous inbred lines. These examples indicate that allele 
interaction (overdominance) can cause phenotypes that outperform the homozygous states. 
 
CHAPTER 2 
 
50 | P a g e  
 
 
Figure 2.2 Hypotheses explaining the molecular basis of heterosis.  The dominance hypothesis (A) states that 
dominant alleles (A, B) complement deleterious alleles (a,b). The overdominant hypothesis (B) claims that a 
heterozygous combination (A1A2) outperforms both homozygous states. In case of pseudo-overdominance (C) 
the locus contains a dominant and recessive allele in repulsion linkage, causing the combination of dominant 
alleles to resemble an overdominant effect. The epistasis hypothesis (D) states that alleles on different loci, for 
example A1 and B2, interact with each other enhancing their individual gene effects. Figure modified from 
(Lippman and Zamir, 2007).  
 
Genetic linkage between recessive and dominant alleles can make it difficult to discriminate between 
dominance and overdominance. Pseudo-overdominance (Fig. 2.2C) can occur when two dominant 
alleles are in repulsion phase, mimicking overdominance (Lippman and Zamir, 2007). When 
identifying the genetic basis of a Quantitative Trait Locus (QTL) involved in yield heterosis, pseudo-
overdominance can complicate the interpretation. For example in maize a yield QTL that was 
originally identified as overdominant (Stuber et al., 1992), was later after fine-mapping identified as 
dominant (Graham et al., 1997). The QTL identified in the original study consists in reality of at least 
two linked QTLs, with dominant alleles in repulsion linkage with each other (Garcia et al., 2008). The 
limited resolution in QTL studies means that linked alleles can be classified as one QTL. So, pseudo-
dominance adds to the trouble of unraveling the genetic basis of yield heterosis. 
Epistasis (Fig. 2.2D), the interaction of favorable alleles at two (or more) loci affecting a trait 
phenotype, is proposed to contribute to heterotic response (Fu et al., 2015). For example in tomato 
sft/+ heterosis of the SFT gene, which is an overdominant acting locus, disappears in a genetic 
background containing the SELF PRUNING (SP) gene highlighting the role of epistasis in heterosis 
(Krieger et al., 2010). In maize a good example of transcriptional epistasis are the B and Pl genes, 
which encode transcription factors involved in upregulating anthocyanin biosynthesis genes (Springer 
and Stupar, 2007b). The inbred lines b/b Pl/Pl and B/B pl/pl have green pigmentation, whereas the 
hybrid B/b Pl/pl has red pigmentation due to high expression levels of genes involved in anthocyanin 
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production. Several quantitative genetic studies suggest that epistasis does not make a significant 
contribution to hybrid maize grain yield (Hinze and Lamkey, 2003; Mihaljevic et al., 2005). Study of a 
maize recombinant inbred line (RIL) population suggests that epistasis (additive × additive) effects do 
play a role in grain yield (Ma et al., 2007). The existence of epistasis thus adds even more nuances to 
the theories about the mechanisms underlying heterosis. 
Though all previously mentioned theories have a valid basis to explain heterosis it is likely a holistic 
model or the combination of multiple hypotheses will be needed to explain heterosis. The varying 
levels of heterosis based on the species, hybrid line, trait of interest and environmental conditions 
also support this idea (Fu et al., 2015).  
 
Energy use efficiency in heterosis  
A new emerging model explaining multigenic heterosis is the energy-use efficiency model. A basic 
representation of plant growth in terms of energy is: Energy biomass = Energy input – Energy consumed 
(Baranwal et al., 2012). The netto-energy used for plant growth is the difference between the 
incoming and consumed energy. So, growth can be stimulated by increasing the energy input or 
decreasing the consumed energy.  
Protein metabolism is proposed to play a role in the observed growth differences between F1 hybrids 
and their parental lines (Goff, 2011). The rapid synthesis and degradation of unstable proteins, for 
example proteins with defects in folding or post-translational modifications, is energy consuming. 
This model is in line with the existing dominance and overdominance hypotheses explaining 
heterosis. The availability of two alleles in the hybrid would allow the plant to downregulate alleles 
encoding unstable proteins. Thus, alleles encoding stable proteins can complement the alleles 
encoding unstable proteins as proposed in the dominance hypothesis. Overdominance can be 
observed in case of two different alleles encoding stable proteins under different environmental 
conditions, so the hybrid has a higher protein stability and activity over a range of environmental 
conditions. The hybrid plant would have to invest less energy in protein metabolism, resulting in a 
higher amount of energy directed towards biomass accumulation. Energy input can be increased by 
increasing the photosynthetic capacity of the plants stimulating higher lifetime carbon gain and 
biomass accumulation. Higher levels of photosynthesis can be caused by a larger photosynthetic area, 
longer photosynthetic period or increase photosynthesis per leaf area. In maize hybrids a larger leaf 
size was reported (Flint-Garcia et al., 2009; Pavlikova and Rood, 1987; Song et al., 2016), increasing 
the photosynthetic surface relative to the parental lines. Additionally, delayed leaf senescence was 
observed in maize hybrids extending the photosynthetic period (Song et al., 2016; Wang et al., 
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2009a). Further, the photosynthetic rate per unit leaf area was reported to be higher in F1 hybrids 
compared to the parental inbred lines (Monma and Tsunoda, 1979; Offermann and Peterhansel, 
2014). The photosynthetic rate per unit was positively correlated to nitrogen, chlorophyll and dry 
matter per unit leaf area. Thus, higher photosynthetic capacity in hybrids contributed to hybrid vigor. 
In Arabidopsis, altered regulation of circadian clock genes in hybrids compared to the parental inbred 
lines was associated with photosynthesis (Ni et al., 2009). The circadian clock genes CIRCADIAN 
CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) negatively regulate TIMING OF 
CAB EXPRESSION 1 (TOC1) and GIGANTEA (GI), while TOC1 and GI positively regulate CCA1 and LHY 
creating a feedback system causing an oscillation pattern in the circadian clock pathway. Circadian 
genes can affect the photosynthesis and carbohydrate metabolisms. In F1 hybrids the gene 
expression profile of the circadian clock genes has an increased amplitude due to epigenetic 
regulation, but no change in shift in the phase of the circadian clock. In F1 hybrids CCA1 and LHY 
expression was reduced during the day inducing photosynthetic activity and carbohydrate 
metabolism leading to ~12% more chlorophyll and ~10% more starch compared to the highest parent 
(Ni et al., 2009). This was confirmed by downregulation of CCA1 using the TOC1::cca1 (RNAi) 
construct, induced upregulation of downstream genes and induced chlorophyll synthesis, starch 
metabolism and growth vigour. In the maize F1 hybrid B73xMo17 the ZmACC1 genes, ZmCCA1a and 
ZmCCA1b, were upregulated in the morning compared to the parental inbred lines (Ko et al., 2016). In 
the hybrids a temporal shift in ZmACC1 binding target genes to the early morning was observed, 
these genes included starch synthase and photosynthesis-related genes and were enriched for 
protein and cellular protein metabolic processes. The link between circadian clock gene expression 
and yield heterosis also holds true in rice (Shen et al., 2015). 
 
Hormones in relation with heterosis 
Plant hormones have functions in plant growth and development and thus are likely to have a 
function in hybrid vigor. The phytohormone gibberellin (GA) has been related to growth heterosis 
because of the higher endogenous GA levels in hybrids compared to the parental inbred lines (Rood 
et al., 1988). In addition, shoot growth in inbred lines was more responsive to the application of 
exogenous bioactive GA3 relative to the hybrids, indicating GA levels in inbred lines are rate-limiting. 
The heterotic response in hybrids with a dwarf1 mutation, causing reduced GA production, revealed 
no loss of heterosis levels compared to the standard hybrid for traits such as plant height, leaf length 
and ear length  (Auger et al., 2005a). These data suggest that GA levels are not the responsible for the 
heterotic response. However, in some hybrid combinations GA can play a role in the observed 
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heterotic effects, as demonstrated by  the overdominant gene expression of the gibberellin 
biosynthetic genes GA20-OX and GA3-OX in the leaf of the B73xMo17 hybrid (Song et al., 2016).  
GA and abscisic acid (ABA) regulatory proteins were suggested to be involved in seed germination 
heterosis due to their non-additively expression in hybrids relative to their parental lines (Fu et al., 
2011). The endogenous ABA levels in the embryo decrease during germination and this decrease in 
ABA levels was faster in the hybrid line (Li et al., 2016). Additionally, the germination of the hybrid 
B73xMo17 was less sensitive to the application of exogenous ABA than the parental inbred lines B73 
and Mo17. The ZmABA8ox1b gene, an ABA inactivation gene, was upregulated in the hybrid relative 
to the parental lines during seed germination. Ectopic expression of ZmABA8ox1b in Arabidopsis 
resulted in an increased seed germination rate and lower ABA levels (Li et al., 2016). Microscopic 
analysis of the maize embryo radicle revealed that cell expansion plays an important role in seed 
germination heterosis. RNA-seq analysis identified differential expressed genes between the hybrid 
and parental lines related to cell wall metabolism, suggesting activation of cell wall biosynthesis 
genes is related to ABA-mediated seed germination heterosis (Li et al., 2016). 
 
Gene expression in relation to heterosis  
Variation in level of heterosis between different traits suggests that not one single set of genes 
controls heterosis (Springer and Stupar, 2007b). Complex traits, as yield combine many traits 
displaying heterotic effects making the identification of a responsible gene set even more challenging. 
Sequence variation between maize inbred lines is especially high (Ching et al., 2002) and includes 
single nucleotide polymorphisms (SNPs), insertion/deletions (indels) and structural rearrangements 
(Fu and Dooner, 2002). Whereas it is common knowledge that greater levels of heterosis are achieved 
when using genetically distinct parental lines, extremely divergent parents can result in a decrease of 
heterotic response (Moll et al., 1965). Interpopulation crosses can result in a reduced fitness or 
‘outbreeding depression’ because of a disruption of the local adaptation. For example, in Arabidopsis 
it was reported that the combination of a NB-LRR disease resistance gene homolog with a specific 
allele at a second locus causes necrosis in the hybrid (Bomblies et al., 2007). 
Genomic variation in the coding region can alter protein function, while genomic variation present in 
regulatory sequences (promoter, intron or enhancer elements) can affect gene expression levels (Fu 
et al., 2015). The development of genome-wide expression profiling techniques as microarray 
allowed a first understanding of how hybrid expression levels varied compared to the parents (Table 
2.1). Recently, high-through-put sequencing technologies allowed even more detailed analysis also 
enabling allele specific analysis of gene expression in the hybrid lines (Hochholdinger and Hoecker, 
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2007). Gene expression studies detect the accumulated transcript levels and represent a snapshot of 
the transcript levels, not giving insight in the dynamics of gene expression. Another consideration in 
gene expression studies involving hybrids is that currently only the genomic sequence of the B73 
inbred line is known (Schnable et al., 2009), possibly biasing the present studies due to the genetic 
variation between the inbred lines and the reference B73 genome.  
The gene expression levels in the hybrid can be classified as additive (comparable to the mid-parent 
value) or non-additive. The non-additive expression can be described as dominant (low or high parent 
like expression), overdominant (above high parent) or underdominant (below low parent). Gene 
expression studies on heterosis investigated distinct tissues during development including: 
endosperm (Guo et al., 2003), embryos (Li et al., 2016), meristem tissue (Użarowska et al., 2007), 
primary roots (Paschold et al., 2012), seedlings (Stupar et al., 2008), mature leaves (Song et al., 2016) 
and immature ears (Wang et al., 2016). These studies were performed in a wide variety of genetic 
backgrounds, with the most common studied hybrid being B73xMo17 (Table 2.1). Differential gene 
expression between the reciprocal hybrids Mo17xB73 and B73xMo17 was limited compared to the 
differentially expressed genes between the inbred lines and between the inbred and hybrid (Auger et 
al., 2005b; Paschold et al., 2012; Stupar and Springer, 2006), suggesting that the directionality of the 
cross had no large effect on gene expression levels. There are several gene expression studies (Table 
2.1) reporting that non-additive gene action was prevalent between hybrid and parental lines (Auger 
et al., 2005b; Guo et al., 2003; Li et al., 2015; Użarowska et al., 2007), while other studies mainly 
detected additive gene action (Meyer et al., 2007; Stupar and Springer, 2006; Swanson-Wagner et al., 
2006). Interestingly, a positive correlation between the proportion genes with mid-parent expression 
and hybrid yield / heterosis was observed when investigating hybrids varying in degree of yield 
heterosis in field conditions (Guo et al., 2006). Conversely, the proportion of genes with parental 
biased expression was negatively correlated with hybrid yield and yield heterosis. Environmental 
stress, for example planting density, reduces yield and the proportion of genes expressed at the mid-
parent level (Guo et al., 2006). However, another study reported a similar proportion of genes with a 
parental bias even though the investigated hybrids showed variable levels of heterosis (Springer and 
Stupar, 2007a), possibly due to mild environmental conditions. Examining the gene expression 
studies, a trend is observed with the younger organs having more additive gene expression compared 
to more mature tissues and organs (Table2.1). Primary roots and young seedlings showed primarily 
additive gene expression (Hoecker et al., 2008a; Paschold et al., 2012; Stupar et al., 2008; Swanson-
Wagner et al., 2006). Gene expression in embryos varied from predominantly additive at 6 and 19 
days after pollination (DAP) (Jahnke et al., 2010; Meyer et al., 2007; Stupar and Springer, 2006) to 
mainly non-additive at 40 DAP (Li et al., 2015). Observed gene expression in the immature ears 
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changed from additive at V13 stage (Qin et al., 2013), to additive and non-additive at V15 (Pea et al., 
2008) and V19 (Guo et al., 2006) till non-additive during differentiation (Wang et al., 2016) and at 
flowering (Ding et al., 2014). In mature leaf material pre-dominantly non-additive gene expression 
was detected (Auger et al., 2005b). Another recent study on mature leaves reported mainly additive 
gene expression in the hybrid, however all genes within the parental range including dominant genes 
were classified as additive biasing the global expression toward additive gene expression (Song et al., 
2016). In the shoot apical meristem tissue mainly non-additive gene expression was observed 
(Użarowska et al., 2007), which is in contradiction with the previous observations because the 
meristem consists of dividing cells forming young organs. Transcriptome study of 14 day old seedling 
shoot and root material showed overlap in their additive and non-additive expressed genes, but more 
than 50% of these genes were tissue-specific (He et al., 2013). The above studies indicate that in 
diverse tissues and developmental stages other global gene expression pattern can be present; this 
may be related to the variable heterotic responses observed in different tissues. However, variation in 
experimental design, including growing conditions and analysis methods, could also contribute to the 
observed differences in expression trends.  
The effect of various ploidy levels and gene dosage on heterosis levels in maize hybrids was 
evaluated. Normal maize is diploid with two sets of ten chromosomes. Heterotic response in maize 
was compared between various diploid and tetraploid lines to investigate the effect of gene dosage 
on growth. The observed mid-parent heterosis levels of phenotypic traits for diploid hybrids (AB) and 
tetraploid hybrids (AABB) were within a similar range and if heterosis levels differed one genotype 
could not predict the behavior another genotype (Riddle and Birchler, 2008). Double-cross tetraploid 
hybids (ABCD) did show higher heterosis levels compared to single-cross tetraploid hybrids (AABB) 
(Riddle and Birchler, 2008). Polyploidy affected gene expression as demonstrated by a ploidy series 
containing monoploid, diploid, triploid and tetraploid plants of the maize inbred line B73 (Riddle et 
al., 2010). In single-cross tetraploid hybrids non-additive expressed genes were mostly expressed 
outside the parental range, in the double-cross tetraploid hybrids the number and magnitude of 
differential expressed (DE) genes increased compared to the single-cross tetraploid hybrids (Riddle et 
al., 2010). Thus, hybrids that can possess four alleles at one locus show higher heterosis and 
expression levels compared to hybrids that only can possess two alleles at one locus. Unequal 
genomic contribution in hybrids, for example in triploids (AAB) or tetraploids (AAAB), were reported 
the have lower heterosis levels than allotetraploids (AABB) (Birchler et al., 2010). Looking at triploid 
hybrids, that have an unequal genomic contribution from the parental lines, demonstrated that 
transcript levels were affected by the genomic dosage (Auger et al., 2005b). These findings indicate 
that allelic dosage affects gene expression and heterosis levels. 
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Studies on various hybrids and tissues could also not identify a consensus gene set in relation to 
heterosis (Guo et al., 2006). Interestingly, differential expressed (DE) genes involved in heterosis are 
likewise not associated with a specific pathway, but are involved in multiple pathways and functions. 
A study involving the reciprocal hybrids of B73 and Mo17 uncovered no significantly enriched 
pathway for additive expressed genes in either root or shoot tissue (He et al., 2013). Upregulated 
genes in the hybrid relative to the parents were enriched for the nucleosome assembly pathway, 
whereas for the downregulated genes no biological pathway was enriched. These data suggest that 
the nucleosome assembly pathway could be a common regulatory mechanism in roots and shoots 
involved in growth heterosis (He et al., 2013). Another study involving developing ears of Mo17xB73 
reported differential expressed (DE) genes with functions in various metabolic pathways: the 
biosynthesis of alkaloids derived from shikimate pathway, the biosynthesis of plant hormones and the 
biosynthesis of phenylpropanoids (Qin et al., 2013). Additionally, DE genes involved in glycolysis, the 
citrate acid cycle and C4-dicarboxylic acid cycle were identified, indicating differences in the energy 
metabolism. For yet another study on the ear of B73xMo17, the DE genes were mainly involved in 
the ribosome, spliceosome, arginine and proline metabolism and pyruvate metabolism pathways 
(Ding et al., 2014). Further, transcription factors with functions in development, meristem 
maintenance, hormone and stress related signaling were DE between the hybrid and parental lines 
(Ding et al., 2014). Despite the fact no specific pathway could be linked to heterosis, independently of 
the trait and the hybrid combination tested, several interesting pathways including hormone and 
protein metabolism are associated with heterosis.  
A consideration in gene expression studies is that gene expression levels do not necessarily 
correspond to protein levels or activity. A study of protein abundance in primary roots revealed that 
protein levels of the hybrid were non-additive in 50% of the cases relative to the parental lines 
(Hoecker et al., 2008b). Curiously, about half of the non-additive hybrids protein levels performed 
outside the parental range (11% overdominant and 39% underdominant). These data indicate that 
non-additive protein levels were more frequent compared to non-additive gene levels in hybrids. The 
differences in protein abundance could mainly be attributed to specific allele expression and/or post-
translational modifications of the proteins. Protein abundance in two high-heterosis hybrids relative 
to a low-heterosis hybrid showed only change in 2-3% of the cases, these proteins had a function in 
carbon and protein metabolism and stress response (Dahal et al., 2012). Similar functions in 
metabolism, disease and defense response were detected for the proteins outside the parental range 
of protein abundance (Hoecker et al., 2008b).  
In general, additive expression was observed in the majority of studies as the global trend. This 
observation does not exclude that higher expression levels of a key number of genes could be 
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responsible for the manifestation of heterosis. The variability observed between different organs 
suggests differences in regulation, making the identification of key genes or processes more 
challenging. Another remarkable observation is the low amount of genes being expressed outside the 
parental levels and these genes were not uniform between hybrids lines (Guo et al., 2006; Stupar and 
Springer, 2006). So, while heterotic phenotypes performed commonly outside the parental range this 
was not reflected by gene expression levels.   
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Table 2.1 Overview gene expression studies related to maize heterosis. Summary of the plant material, experimental set-up and global expression trends of hybrids gene 
expression studies in maize. Abbreviations: Suppression subtractive hybridization (SSH); Real-time quantitative PCR (RT-qPCR); weeks after sillking (WAS), days after sowing 
(DAS), days after germination (DAG) and days after pollination (DAP), hours after imbibition (HAI).  
 
Plant tissue Developmental 
stage 
Growth 
conditions 
Traits with observed heterosis  Approach Genetic background Global expression trend References 
Endosperm 10, 14, 21 DAP field No data GeneCalling 7 inbred lines 
Additivity (2n maternal : 
1n paternal) 
(Guo et al., 2003) 
Endosperm 18 DAP  No data 
RT-PCR (z1C gene 
cluster) 
reciprocal hybrids of B73, 
BSSS53 Nonadditivity 
(Song and Messing, 
2003) 
Embryo and 
endosperm 6 DAP greenhouse Endosperm length 
2K microarray / RT-
qPCR 
UH250xUH301, 
UH301xUH005 
 Additivity 
(Jahnke et al., 2010) 
Embryos 6 DAP greenhouse Embryo length 
SSH - 12K 
microarray / RT-
qPCR UH301 × UH005  Additivity 
(Meyer et al., 2007) 
Embryos 16 HAI 
growth chamber 
(petri dish) Radicle emergence 
RNA sequencing / 
RT-qPCR B73xMo17 
Additivity and 
nonadditivity 
(Li et al., 2016) 
Mature embryos 40 DAP field No data 
RNA sequencing / 
RT-qPCR Zheng58xChang7-2 Nonadditivity 
(Li et al., 2015) 
Seedling / 
immature ear / 
Embryos 
11 DAG / 3.7-
5.4 mm / 19 
DAP 
greenhouse / field 
/ field No data 13.5K microarrays B73xMo17 / Mo17xB73 Additivity 
(Stupar and Springer, 
2006) 
Shoot apical 
meristem 21–23 DAS greenhouse 
Plant height, number of 
internodes and internode length 
12K microarrays / 
RT-qPCR 6 hybrids  Nonadditivity 
(Użarowska et al., 
2007) 
Seedling 14 DAS growth chamber Seedling dry weight 
14K microarray / RT-
qPCR Mo17xB73 Additivity 
(Swanson-Wagner et 
al., 2006) 
Seedling 11 DAG greenhouse 
Seedling height and seedling 
biomass 
18K microarray / RT-
qPCR 6 hybrids  Additivity 
(Stupar et al., 2008) 
Seedling shoot 
and root 14 DAG growth chamber No data RNA sequencing B73xMo17 / Mo17xB73 
Additivity and 
nonadditivity 
(He et al., 2013) 
Primary roots 3,5 DAG 
growth chamber 
(paper rolls) No data RNA sequencing B73xMo17 / Mo17xB73 Additivity 
(Paschold et al., 2012) 
Primary roots 3,5 DAG 
growth chamber 
(paper rolls) 
primary root elongation and 
lateral root 
density 
12K microarray / RT-
qPCR 
reciprocal hybrids of 
UH005, UH250 & UH300 Additivity 
(Hoecker et al., 2008a) 
Immature ears V15 field No data 
15,5K microarray / 
RT-qPCR B73 x H99 
Additivity and 
nonadditivity 
(Pea et al., 2008) 
Immature ears 6-8 cm (V19) field Grain yield GeneCalling 16 hybrids 
Additivity and 
nonadditivity 
(Guo et al., 2006) 
Immature ears 
stage of floral 
organ 
differentiation field 
Kernel number per ear, kernel 
number per row and kernel row 
number 
RNA sequencing / 
RT-qPCR Zong3/87-1 & 87-1/Zong3 Nonadditivity 
(Wang et al., 2016) 
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Plant tissue Developmental 
stage 
Growth 
conditions 
Traits with observed heterosis  Approach Genetic background Global expression trend References 
Top ear shoots 
40 to 45 mm 
(V13) greenhouse No data 
28,5k microarray / 
RT-qPCR  Mo17xB73 Additivity 
(Qin et al., 2013) 
Ears 
early flowering 
stage growth chamber No data 
RNA sequencing / 
RT-qPCR B73xMo17 Nonadditivity 
(Ding et al., 2014) 
Mature leaf ±1 month old greenhouse No data 54,5K microarray 
Tetraploid hybrids 
(A188/Oh43, B73/W22, 
A188/Oh43/W22/B73) Additivity 
(Riddle et al., 2010) 
Mature leaf 
after pollen 
shed greenhouse No data 
Quantitative 
Northern blotting B73xMo17 / Mo17xB73 Nonadditivity 
(Auger et al., 2005b) 
Ear leaf At 0-1-2 WAS Field leaf length and leaf width  RNA sequencing B73xMo17 / Mo17xB73 Additivity (Song et al., 2016) 
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Allele-specific gene expression in hybrids 
Most of the genome-wide studies involving heterosis have been focused on the total level of gene 
expression, without taking the parental contributions into account. Allele specific gene expression 
can give insight in the mechanisms regulating gene expression and add another level to our 
understanding of the molecular basis of heterosis. The differential gene expression between the 
parental inbred lines can be explained by variation in both trans- and cis-regulation (Wittkopp et al., 
2004). Cis-regulatory regions are allele specific and can affect transcription initiation, transcription 
rate and transcript stability. Cis-regulation can be evaluated by comparing both alleles in a common 
genetic background eliminating variation in trans-acting factors, for example a hybrid. In case of cis-
regulation the hybrid will display a bias for one of the parental alleles (Fig. 2.3A). Trans-acting factors, 
for example transcription factors, can regulate transcription of multiple genes. If a gene is only 
regulated by trans-acting factors an equal contribution of both parental alleles to gene expression is 
expected (Fig. 2.3B). Trans-acting factors can be assessed by comparing the same allele, thus no cis-
variation, in different genetic backgrounds, for example a hybrid and parental inbred line. Studying a 
hybrid together with the parental inbred lines provides a great system to analyze cis- and trans-
regulation. 
The evaluation of reciprocal hybrids revealed that the parent-of-origin effect was minimal, indicating 
that the directionality of the cross made no fundamental difference (Guo et al., 2006; Guo et al., 
2004; He et al., 2013). Allele specific expression in the B73xMo17 hybrid was evaluated in the shoot 
apical and ear inflorescence meristems at different developmental stages (Guo et al., 2008). In 50-
70% of the genes, cis-regulation could be detected, while in 30-45% trans-acting effects were 
detected and less than 10% was influenced by both effects. So, in maize hybrids gene expression was 
affected by both cis- and trans-acting factors. The abundance of cis-variation between the alleles, 
means that allele expression can respond differently to environmental cues or developmental signals. 
Stress and environmental variation have been reported to affect the allelic ratio, for example the 
transcript level of one allele decreased more than the other due to drought stress for a gene 
encoding a lipid transfer protein (LTP) (Guo et al., 2004). Additionally, gene expression in the various 
tissues (seedling, immature ear and embryo) revealed that 24-31% of the genes display variation in 
allelic expression ratio between at least two tissues (Springer and Stupar, 2007a), indicating tissue 
specific cis-regulation.  
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Figure 2.3 Allelic contribution to gene expression in hybrids. Genes can be subjected to only cis-regulation (A), 
only trans-regulation (B) or a combination of both cis- and trans-regulation (C). Cis-differences of genes, for 
example SNPs, insertions or deletions, are indicated as red bars in the grey gene structure. Trans-acting factors, 
for example transcription factors or repressors, are indicated as blue or yellow circles binding to the promoter 
region. Only cis-regulation causes the gene expression in the hybrid to reflect the relative expression levels of 
the parental lines. If the gene is subjected only to trans-regulation the allelic contribution of both parental 
alleles is equal in the hybrid. In case of both cis- and trans-regulation the hybrid expression levels will not 
display equal allelic contribution or reflect the relative expression levels of the parental inbred lines. Figure 
adapted from (Hochholdinger and Hoecker, 2007). 
 
The comparison of two contrasting hybrids, a modern and early less improved hybrid, showed that 
the modern hybrid expressed both alleles, while the early hybrid expressed only a single allele, for 
four of the seven investigated genes (Guo et al., 2004). This indicates that biallelic expression can be 
advantageous and can translate to a higher yield. The expression of two distinct alleles could prove 
advantageous due to altered protein function or protein efficiency. The distinct regulation of 
expression levels and response to developmental and environmental cues of the two alleles in hybrid 
background can also influence hybrid performance.  
Present–absent variation (PAV) of gene expression was also observed between the inbred lines Mo17 
(A) (B) (C) 
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and B73. RNA sequencing data on immature ears revealed 25% genes with no detectable expression 
in one or both parental inbred lines (Ding et al., 2014). Additionally, PAV was also detected in the 
hybrid, when gene expression was only detected in one of the parental lines (Ding et al., 2014). The 
PAV is related to the presence-absence of the genes in the genomic DNA (Swanson-Wagner et al., 
2010) and the presence of silent not expressed alleles in the genome (Makarevitch et al., 2007). Allele 
specific expression levels in the hybrid revealed that a part of these silent alleles could be successfully 
activated in the hybrid background, presumably by regulatory factors from the other parental 
genome (Paschold et al., 2012). Hence, in a hybrid background trans-acting factors from both 
parental lines affect the alleles of both genetic backgrounds, leading to activation of previously silent 
alleles. 
Allele specific expression has the potential to give us a more detailed view on parental contribution to 
differences in gene regulation related to heterotic responses. In hybrid background silent alleles could 
potentially be re-activated and contribute to differences in total gene expression levels. Bi-allelic 
expression was associated with higher levels of yield / hybrid vigor, indicating that expression of two 
different alleles is preferable above expressing a single allele. 
 
The role of epigenetics in heterosis 
Besides genetic variation, including cis and trans-acting factors, gene regulation is also dependent on 
the epigenetic machinery. Epigenetic changes include DNA methylation, small RNAs expression 
patterns and histone modifications. DNA-methylation is the covalent modification of a cytosine 
through the addition of a methyl group by a DNA methyltransferase. DNA-methylation is mainly 
associated with the suppression of the activity of transposons and repetitive elements to maintain 
the genomic stability. DNA-methylation patterns are clonally inherited and maintained, however 
changes in methylation can occur through de novo methylation or passive demethylation by a failure 
of maintenance methylation (Finnegan et al., 1998). Next to the function in silencing repetitive 
elements, DNA-methylation also has a function in gene regulation. DNA-methylation of promoter or 
coding sequences can interfere with DNA-protein interactions and inhibit transcription. In the maize 
leaf, it was shown that DNA methylation is involved in growth (Candaele et al., 2014). Variating 
methylation levels over the leaf growth zone lead to changing expression levels of genes involved in 
chromatin remodeling, cell cycle progression and growth regulation. DNA-methylation is also 
proposed to play a role in hybrid vigor. Investigating the methylation of CCGG motifs in the leaves of 
hybrid lines resulted in additive patterns for a majority of the sites, although for 7-12% of the sites, 
deviations were detected (Zhao et al., 2007). Additionally, total methylation levels of root, leaf, 
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endosperm and embryo tissue were lower in the hybrid compared to the parental lines, suggesting a 
possible de-repression of gene expression for genes related to hybrid vigor (Sun et al., 2015). Grain 
yield heterosis was correlated to CHG methylation, demonstrating that DNA-methylation could be 
important for yield heterosis in maize (Qi et al., 2010). A genome wide analysis of DNA methylation 
and histone modifications performed on shoot and root tissue of the inbred line B73 indicted that 
histone modification H3K27me3 and DNA methylation were mostly mutually exclusive, indicating 
interconnected regulation of the different epigenetic changes (Wang et al., 2009b).  
Small RNAs, especially small interfering RNAs (siRNAs), are known to regulate gene expression by 
post-translational gene-silencing and for their involvement in maintaining genome stability through 
guiding DNA-methylation. The 21-, 22- and 24 nt siRNAs displayed different distributions along the 
genome (He et al., 2013). The 24 nt siRNA were low in abundance in the pericentromeric regions and 
enriched for euchromatic regions, in contrast with DNA methylation patterns. The 22 nt siRNAs were 
abundant in all chromosomes with no apparent preference for euchromatic or heterochromatic 
regions. The 21 nt siRNAs had a weak bias for euchromatic regions. Evaluating the co-occurrence of 
transposable elements (TE) with siRNA clusters in the maize genome revealed that different siRNA 
are distinct for certain classes of TE (He et al., 2013). The analysis of two fast growing tissues, the 
seedling shoot apex and the immature ear, revealed that the biogenesis of the different sRNA size 
classes was not altered in the hybrid relative to the inbred lines (Barber et al., 2012). The siRNA 
clusters in the shoot apex behave additively in hybrids, whereas in immature ears more deviation for 
the mid-parent value was observed with a trend towards lower abundance. This trend was most 
strongly observed in the 24 nt siRNA clusters. The mop1-1 mutation, of an RDR2 orthologue, 
significantly reduced plant height and ear weight by the reduction of 24 nt siRNA expression levels. 
However, the mop1-1 mutation did not reduce hybrid vigor in the B73xMo17 and Mo17xB73 hybrids. 
This means that 24 nt MOP1-dependent siRNAs are not required for yield heterosis, despite their 
function in growth (Barber et al., 2012). 
A study involving shoot and root material of the B73, Mo17 and their reciprocal hybrids investigated 
the conservation of variation between transcriptomics and epigenomics (He et al., 2013). Gene 
expression was more variable between the tissues than between the hybrid and parental lines, while 
the DNA methylation showed more variation between the genotypes than between the organs. So, 
the correlation between gene expression and DNA-methylation appears minimal. Histone 
modifications on the other hand were associated with differential gene expression. Histones can be 
subjected to post-translation modifications at their N-terminal end. Histone acetylations were 
associated with gene expression activation and histone methylation with both gene activation and 
repression depending on the modification site (Wang et al., 2009b). Histone modifications varied 
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between different organs and genotypes and could be correlated to differential gene expression 
between the parental lines B73 and Mo17 and their reciprocal hybrids in shoot and root tissue (He et 
al., 2013). In conclusion, epigenetics have an important function in the regulation of gene activity and 
affect plant growth and development. Epigenetic changes appear to have a role in heterotic 
response, but no direct link to the molecular base of heterosis was found yet. 
Our current understanding of the molecular basis of heterosis can be summarized in a model (Fig. 2.4). At 
the DNA level epigenetic changes, allelic variation, present-absence variation and cis-and trans-acting 
influence transcript levels, leading to differential allele expression and global expression levels. In addition, 
allele variation can also lead to differences in protein stability. Various pathways including the circadian 
clock pathway cause a shift in metabolic pathways, increasing production of photosynthetic components 
and starch. Also the protein production is reduced, due to the presence of allele encoding more stable 
proteins. Further, the hormone gibberellin (GA) can be increased in hybrids compared to parental lines 
stimulating growth. The combination of various effects on the metabolic pathways positively affects 
energy use efficiency and stress resistance of the hybrids, resulting in enhanced growth and development 
in the hybrids or hybrid vigor.  
Fig. 2.4 Model explaining growth 
heterosis. 
Schematic representation of the 
processes underlying growth 
heterosis. The combination of two 
distinct parental genomes causes 
differences in gene expression and 
protein stability. Metabolic pathways 
including photosynthesis, starch and 
protein metabolism are affected by 
these changes on transcript and 
protein level and result in positive 
growth phenotypes in the hybrid 
compared to their parental lines. 
 
 
Hybrid breeding 
Identifying genetically superior parents is a prerequisite for the development of high-performing 
hybrid lines. Plant breeders utilize plant breeding schemes, such as diallelic cross and line x tester 
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• Larger leaves / plants
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mating design, to evaluate heritability of agronomical desirable traits (Veeresha et al., 2015). The 
diallelic cross mating design involves all possible crosses between several parental inbred lines, while 
in the line x tester mating design several parental inbred lines are crossed to a few selected tester 
lines. The performance of various traits of the hybrid lines along with their parental lines are 
evaluated in a range of relevant environments. The phenotypic variation that is observed can be 
divided in genetic and environmental components. High genetic variation is preferred by breeders 
due to higher heritability of these traits. Some genetic variation (additive factors) are heritable, being 
passed from the parent to the offspring, while other genetic variation, such as dominant and 
epistatic interactions, are not strictly inherited (Harriman and Nwammadu, 2016). Broad-sense 
heritability (H2) is the portion of phenotypic trait variability that is due to all the genetic variation, 
including additive, dominance and epistatic variation. Narrow-sense heritability (h2) on the other 
hand includes only the portion of trait variance due to additive genetic factors. Complex traits such 
as yield have lower heritability (h2) compared to less complex traits as ear height (Sughroue, 1995), 
making progress in breeding of traits such as yield slower. Based on data of 104 lines from a 2-way 
RIL population (Baute et al., 2015), heritability was determined of several relevant traits for our 
study: final leaf length (h2=0.65), leaf elongation rate (h2=0.55), leaf elongation duration (h2=0.64) 
and division zone size (h2=0.81) (J. Baute, unpublished data). The combining ability of inbred lines, or 
their capability to transmit the desirable trait performance to its progeny, is important for selecting 
parental lines to generate hybrid combinations. To describe combining ability, the terms general 
combining ability and specific combing ability are used. General combining ability is a measure for 
additive gene action and represents the average performance of a line in hybrid combinations. 
Specific combining ability describes the cases were certain combinations perform relatively better or 
worse than the average performance of the inbred lines involved and is a measure for non-additive 
gene action (Harriman and Nwammadu, 2016; Veeresha et al., 2015).  
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Abstract 
Transgenic growth research is often performed on inbred lines such as B104, which can be routinely 
transformed. However, the B104 inbred line has late flowering properties resulting in a high risk that 
kernels do not mature before the end of the growing season. Therefore, seed yield of the introduced 
biotech traits in B104 cannot be routinely evaluated in field trials at many geographical locations. 
Here, we examined five hybrids between B104 and early flowering inbreds CML91, F7, H9, Mo17 and 
W153R for their performance in a temperate climate over three consecutive years. All B104 hybrid 
lines were early flowering and went through all stages of grain filling before the end of the growth 
season, making them suitable genetic backgrounds to evaluate seed yield in transgenic field research. 
In addition, we used this panel of hybrids to study heterosis for a set of ear and seed traits, plant 
height and leaf length. The maize leaf was also used as a model to monitor growth, assessing the rate 
of growth (leaf elongation rate or LER) and the duration of growth (leaf elongation duration or LED), 
two processes that independently affect leaf growth under controlled conditions. Leaf growth 
heterosis was mainly affected by the heterotic effect on LER and not or to a lesser extent by LED 
heterosis. Next, we evaluated whether ectopic expression of PLASTOCHRON1 (PLA1), known to 
stimulate LED in B104, was able to increase the heterotic effect on LED. Although the expressivity of 
the PLA1 transgene was high in the different hybrid backgrounds and the PLA1 transgene could 
increase leaf size heterosis, the heterotic effect on LED was not stimulated, indicating that heterosis is 
more complex than merely combining additive processes.  
 
  
CHAPTER 3 
77 | P a g e  
 
Introduction  
Plant organ growth is driven by the cellular processes of cell division and cell expansion. Cell division 
increases the cell number, while cell expansion enhances the cell volume. The leaves of 
monocotyledonous plants, such as maize, are well suited to study organ growth as the different 
cellular processes mediating the increment in size are physically separated. During steady state 
growth the leaf base contains dividing cells, followed by expanding cells and mature cells. 
Furthermore, in monocots leaf growth can be monitored by taking daily leaf length measurements 
from leaf emergence until the leaf reaches its final size, allowing to calculate the leaf elongation rate 
(LER) (Muller et al., 2001; Rymen et al., 2010). Typically, leaf growth is maximal when the leaf appears 
outside the whorl of older leaves and maintains this growth rate for several days. This steady-state 
period is followed by an exponential decline of growth until the final leaf size is reached. Next to LER, 
the period of leaf growth described as leaf elongation duration (LED), also contributes towards the 
final leaf length (Voorend et al., 2014). Leaf elongation rate and leaf elongation duration are 
independent processes, with no correlation on the phenotypic or molecular level within a RIL 
population (Baute et al., 2016; Baute et al., 2015). Several molecular components involved in the 
regulation of these growth mechanisms were identified. Overexpression of the rate-limiting enzyme 
GA20-oxidase enhances LER by an increase in the number of dividing cells (Nelissen et al., 2012). 
Downregulation of BRASSINOSTEROID INSENSITIVE1 (BRI1), a BR receptor, by RNA interference 
decreased LER by a decrease in both cell production and cell size (Kir et al., 2015). On the other hand 
overexpression of PLASTOCHRON 1 (ZmPLA1), encoding a P450 mono-oxygenase, resulted in a longer 
period of growth by maintaining maximal cell division for a longer time (Sun et al., submitted). 
The regulation of growth is of pivotal importance in determining many important agronomic traits, 
which can display heterosis. Heterosis, also known as hybrid vigor, is the superior performance of F1 
hybrid plants relative to their parental lines with regards to size, yield and stress tolerance (Shull, 
1948). Heterosis levels can be expressed relative to the mid-parent value (mid-parent heterosis) or 
the highest parent (high-parent heterosis). Heterosis is observed in various organisms including 
cereals, vegetables and flower crops (Fu et al., 2014). Despite the significant contribution of hybrid 
vigor towards yield improvement in agriculture during the 20th century (Duvick, 2005), the molecular 
basis of yield heterosis has thus far remained elusive. However, some individual genes involved in the 
regulation of cell division, including cell number regulator genes (CNR1, CRN2) (Guo et al., 2010), and 
ZmEBP1 (ErbB-3 epidermal growth factor receptor binding protein1) (Wang et al., 2016), were found 
to be important for heterotic maize growth.  
The vast majority of cultivated maize is hybrid while much of the molecular research performed on 
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maize is done on inbred lines. The B104 maize inbred line is routinely used for generating transgenic 
lines (Anami et al., 2010; Coussens et al., 2012; Frame et al., 2006) and is closely related to B73 (Liu et 
al., 2003), the reference maize genome (Schnable et al., 2009). However the late-flowering B104 
inbred can have problems with seed set in a maritime temperate climate (Voorend et al., 2015) and 
even in the corn belt (Sun et al., submitted) limiting its usefulness to evaluate seed related traits. 
Therefore, we evaluated the performance of different B104 hybrids in order to extend the capacity of 
B104 to test interesting transgenes for seed yield related traits.  
B104 was crossed with five distinct early flowering inbred lines from different heterotic groups: 
temperate Stiff Stalk (SS) lines (B104), temperate non-Stiff Stalk (NSS) lines (H99, Mo17 and W153R) 
and mixed lines (CML91 and F7) (Liu et al., 2003). The five generated hybrids and their parental lines 
were assessed in Belgium field conditions during three consecutive years (2013-2015) for multiple 
yield related traits. Based on the heterotic response over the different field trials a distinction can be 
made between the hybrids B104xCML91, B104xF7, B104xMo17 with respect to the stability of the 
heterotic response in variable environmental conditions as compared to B104xH99 and B104xW153R. 
In parallel to the field experiments, the hybrids were also evaluated in controlled conditions using the 
maize leaf as a model for growth. Heterotic leaf growth was observed in all investigated hybrids and 
mainly results from an enhanced leaf elongation rate (LER), while Leaf elongation duration made a 
limited contribution to the heterotic growth. To determine if stimulating leaf elongation duration can 
enhance hybrid growth, the effect of ectopic PLA1 expression (under the control of the GA2-oxidase 
(GA2OX) promoter) (Sun et al., submitted) was assessed in the five B104 hybrids. All transgenic 
hybrids had longer leaves than the non-transgenic hybrids showing the high expressivity of the 
GA2OX-PLA1 construct. This increase in final leaf length due to ectopic PLA1 expression in hybrids 
resulted from enhanced LER and LED. These data indicate that leaf growth heterosis is more complex 
than merely combining distinct processes of the inbred lines.  
 
Materials and methods 
Plant material and growth conditions 
Hybrid seeds were derived by crossing inbreds CML91, Mo17, H99, F7 and W153R as male plants to 
B104 or to hemizygous pGA2OX-PLA1-P2 plants (in B104 background) generating a segregating hybrid 
population (Sun et al., submitted). Plants were grown in the growth chamber until the fourth leaf was 
fully grown and were subsequently transferred to the greenhouse. The growth chamber has a 
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controlled relative humidity (55%), temperature (24°C), and light intensity (170 mmol m-2 s-1 
photosynthetically active radiation at plant level) in a 16-h/8-h day-night rhythm provided by a 
combination of high-pressure sodium vapour (RNP-T/LR/400W/S/230/E40; Radium) and metal halide 
lamps with quartz burners (HRI-BT/400W/D230/E40; Radium). The greenhouse had a minimum 
temperature of 25°C during the day and 23°C during the night. When the natural light intensity 
dropped below 180 mmol m-2 s-1 supplementary light was added, provided by high-pressure sodium 
vapour lamps in a 16-h/8-h day-night rhythm. 
 
Field trials  
The seeds were sown in three independent sites: two different sites in Merelbeke (FT 2013, FT 2014), 
and one in Zwijnaarde (FT2015), Belgium (planting dates 25 April 2013, 16 May 2014 and 12 May 
2015 respectively) and consist of two randomized blocks containing one row per genotype or in case 
of the field trial from 2015 one randomized block with two adjacent rows per genotype. Commercial 
hybrids (FT2013: Ronaldinio, FT2014: LOGO, and FT2015: Ricardinio) were used as border plants 
surrounding the field trial. The sowing density was approximate 133.333 plants per hectare in FT2013 
and FT2014 and 177.778 plants per hectare for FT2015. The final plant density was on average 
89.000, 88.500 and 94.000 plants per hectare, for the years 2013, 2014 and 2015 respectively. The 
field trials were harvested on 23 October 2013, 22 October 2014 and 14 October 2015. The growing 
degree units (GDU) were calculated according to the following formula: GDU= (Tmax + Tmin)/2 –Tbase, 
before entering temperature data into the equation, Tmax and Tmin are set equal to Tbase if less than 
Tbase (=10°C) and are set equal to Tupper threshold when greater than Tupper threshold (Tupper threshold =30°C)(Vina 
et al., 2004). Temperature and rainfall were determined in the weather station at Merelbeke 
(50°59’06.97”N, 3°46’16.64”O). 
 
Phenotypic analysis 
The final length of leaf 4 (FT2014 n= 41-162, FT2015 n=62-190) was measured from soil level to leaf 
tip when leaf 4 was fully grown early in the growth season. In the field the reproductive timing 
(appearance of tassel, ear, pollen and silks for minimum 50% of the plants) was monitored on a 
weekly basis. At the end of the growth season final growth parameters are determined. Total plant 
height (FT2013 n= 19-63, FT2014 n= 42-62, FT2015 n=60) was measured from soil level to the 
implantation of the highest leaf. For the ear traits, representative ears were selected for each 
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genotype (n= 5-11) at random and by visually confirming the selected ears were no extreme outliers. 
The ears were dried in an oven for 4 days at 30˚C before the following traits were analyzed: ear 
length, ear width, kernel row number, number of kernels per row and weight. For each ear also the 
weight of 100 kernels and the number of kernels (100*weight of all kernels/weight of 100 kernels) 
was determined. 
In the growth chamber phenotyping of the fourth leaf occurs by measuring leaf length on a daily 
basis (n=3-15). The two growth experiments of the inbred lines (Table 3.4) were performed in 
different growth chambers, with the same conditions, and in the second experiment the B104 hybrid 
lines were also included. The leaf elongation rate (LER) was the average LER during the first five days 
after leaf appearance and leaf elongation duration (LED) was calculated as the period in hours  from 
100 mm till the end of growth calculated (Voorend et al., 2014). At the end of growth, the leaf blade 
was scanned and processed using ImageJ to determine the lamina area and width. Total plant height 
(n=3-5) was measured from soil level to the implantation of the highest leaf, when the plant stopped 
growing. 
 
Statistical analysis 
A factorial ANOVA, with year and genotype as factors, is used to test for year and genotype effects 
and interactions (SPSS Inc., Chicago, IL, Version 23.0). P-values below 0.05 were considered 
statistically significant. In the case of two rows per genotype, the data of both rows was combined in 
the analysis. 
 
Estimation of heterosis 
Statistical analysis of the phenotypic data was performed by fitting a general linear model to the data 
using the proc glm procedure in SAS (Version 9.4 of the SAS System for windows 7 64bit. Copyright © 
2002-2012 SAS Institute Inc. Cary, NC, USA, www.sas.com) and performing Wald statistics at the 5% 
significance level. Mid-parent heterosis (MPH) values were calculated using the formula MPH = [(F1-
MP)/MP]*100, where F1 = F1 hybrid value and MP = mid-parent value [(P1+P2)/2]. To test for 
significance of MPH values the contrast F1 – MP was used. Best-parent heterosis (BPH) values were 
calculated using the formula BPH = [(F1–BP)/(BP)]*100, where BP = best parent value (P1 or P2). To 
test for significance of BPH values the contrast F1 – BP was used. 
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Results 
B104 hybrids encountered no problems with seed set in a temperate climate 
The well-studied B104 inbred line is used in numerous studies to evaluate transgene expression (Char 
et al., 2015; Coussens et al., 2012; Frame et al., 2011; Frame et al., 2006; Ko et al., 2016; Kumar et al., 
2015; Nahampun et al., 2016; Nelissen et al., 2015; Nelissen et al., 2012; Sun et al., submitted). To 
facilitate the evaluation of transgenes in hybrid background we opted to assess the performance of 
five hybrids, generated from crosses with the B104 inbred line, in three consecutive years in the field 
for biomass and seed yield related parameters. The most striking differences between the ten-year-
average environmental conditions (2006-2015) and the field trials in 2013-2015 were the cold 2013 
spring and limited rainfall in August of that year, the heavy rainfall in August 2014 and the limited 
rainfall in the summer of 2015 (Fig. S3.1A-B). Additionally, the planting density in 2015 was 
approximate 30% higher compared to 2013 and 2014 likely increasing the effect of the drought 
period. The environmental conditions for 2014 closest resembled the ten-year-average conditions 
and 2014 was the only season without a prolonged drought period. In the field trial of 2013 the cold 
spring and subsequent lower growing degree units (Fig. S3.1C) resulted in a general delay of 
development, as was illustrated by the delayed reproductive timing (Fig. 3.1).  
The hybrids generated by crossing the late flowering B104 line with the early flowering inbred lines 
(CML91, F7, H99, Mo17 and W153R) closely resembled the early flowering inbred lines for traits 
related to reproductive timing (Fig. 3.1). In 2013, the B104 plants showed still no reproductive organs, 
tassel or ears, at 19 weeks after sowing (WAS), while the B104 hybrid lines showed pollen shed at 
15.5-19 WAS and silk appearance at 16-19 WAS. This was also reflected in seed set with B104 having 
no or few kernels, while the hybrids ears showed good seed set in 2013 (Fig. 3.2). In 2014 and 2015, 
the reproductive timing was earlier for all genotypes compared to 2013, with pollen shedding and silk 
appearance observed within the first 15 WAS, with the exception of B104 in 2014 (Fig. 3.1). In both 
2014 and 2015, all genotypes had ears with good seed set (Fig. 3.2). These data show that while B104 
had problems with seed set due to late flowering in one of the observed years, the hybrids never 
encountered problems with seed set in the Belgium climate. 
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Figure 3.1 Reproductive timing. The appearance of the tassel, ear, silk and pollen shedding of the hybrid and 
their parental lines were monitored on a weekly basis in field conditions (FT2013-2015). 
 
 
Hybrids between B104 and CML91, F7, Mo17 consistently display heterosis for seed 
yield in all field trials 
Representative ears per genotype were studied in more detail for ear traits (ear length, ear width, 
ear weight) and kernel traits (kernels per row, kernel row number, kernels per ear and 100 kernel 
weight). For all ear and kernel related traits ANOVA analysis found a significant genotype x year 
interaction, indicating distinct genotypes have altered growth responses over the years of field trials. 
For B104xCML91, B104xMo17 and B104xF7 best-parent heterosis (BPH) was obtained in all tested 
seasons for ear width, ear length and ear weight, while these traits did not reach BPH in 
B104xW153R and B104xH99 in at least one season (2015) (Table 3.1). The conditions in 2013 were 
unfavorable for seed filling, causing several inbred lines to produce no or a limited amount of kernels 
leading to the exclusion of FT2013 for kernel-related traits (Fig. 3.2). Kernel row number (KRN) was 
the only investigated kernel trait not showing BPH in any of the five hybrids (Table S3.1). The hybrids 
B104xCML91 and B104xF7 showed BPH for the kernel traits number of kernels per ear, number of 
kernels per row and kernel weight in both seasons (Table S3.1). B104xMo17 did not obtain BPH for 
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all these kernel traits in both seasons, but always obtained mid-parent heterosis (MPH), while 
B104xH99 and B104xW153R did not display heterosis in one of the two seasons (2015) for all the 
kernel traits. Similar observations are made for biomass traits (Fig. S3.2). 
 
Table 3.1 Heterotic effects on ear length, width and weight (FT2013-FT2015). The hybrid performance relative 
to the mid-parent (MPH) and the best-parent (BPH) for the traits ear length, ear width and ear weight was 
given. For the bold and underlined values hybrid performance was lower than the parental values, thus the 
hybrid performance was compared to the lowest scoring parent. FT=Field trial (** p-value < 0.01, * p-value < 
0.05) 
 
  ear length ear width 
  FT2013  FT2014   FT2015  FT2013  FT2014   FT2015  
genotypes %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH 
B104xCML91 135,1** 78,6** 56,8** 45,7** 50,2** 49,2** 116,1** 96,1** 18,5** 17,0** 26,7** 23,6** 
B104xF7 89,1** 64,6** 31,7** 30,8** 49,6** 44,8** 69,4** 49,3** 30,6** 20,7** 40,1** 27,6** 
B104xH99 67,5** 53,8** 48,8** 37,4** -19,6*  -15,2 108,1** 107,0** 29,2** 13,2** 13,4*  5,2 
B104xMo17 61,0** 53,9** 38,6** 17,6** 35,8** 14,5** 150,2** 108,0** 11,8** 8,5* 19,8** 15,4** 
B104xW153R 32,9**  10,5 25,0** 22,6** -12,3*  -6,2 46,6** 7,5** 19,3** 18,6** 1,6 -4,4 
  ear weight 
     
 
  FT2013  FT2014   FT2015  
     
 
genotypes %MPH %BPH %MPH %BPH %MPH %BPH 
     
 
B104xCML91 1579,9** 1135,4** 202,5** 193,7** 254,7** 178,6** 
     
 
B104xF7 842,9** 557,3** 153,5** 126,1** 323,5** 280,8** 
     
 
B104xH99 1202,3** 1125,5** 226,1** 149,9** -8,9  -17,2 
     
 
B104xMo17 1469,2** 1293,8** 82,9** 36,8** 193,4** 124,9** 
     
 
B104xW153R 154,2**  36,2 135,0** 116,6** -34,1**  -52,9 
      
 
In summary, taking all three years of field trials into account a distinction can be made between the 
hybrids based on their heterotic response. The hybrids B104xCML91 and B104xF7 always obtained 
BPH in all field trials, while B104xMo17, although always superior to the mid-parent, did not obtain 
BPH in all cases. The hybrids B104xH99 and B104xW153R performed inferior relative to the mid-
parent in at least one season (2015) for all investigated traits. This suggests that the heterotic 
response of the B104 hybrids with CML91, F7 and Mo17 was less sensitive to the environmental 
conditions than the hybrids with H99 and W153R for ear traits. 
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Figure 3.2 Representative ears of the field trials. Each picture displays a representative ear for B104, the F1 
hybrid and the parental inbred line (from left to right). The scale bar on the picture of the B104xCML91 hybrid 
represents 5 cm and the scale is equal for all ears of the same field trial.  
 
The environment strongly influences the heterosis effect  
To study the correlations between field and lab conditions, two traits (plant height and final leaf 
length of the fourth leaf) were monitored in both the field trials (FTs) and in the growth chamber 
(GC). ANOVA analysis revealed a significant genotype effect, year effect and genotype x year 
interaction for the traits plant height (PH) and final leaf length (FLL) over the observed conditions.  
For the trait plant height (PH) all hybrids display BPH, except B104xF7 in the GC and B104xH99 in 
FT2015 and the GC (Table 3.2). The degree of BPH differed between the environments: 37-76% in 
FT2013, 8-33% in FT2014, 0-27% in FT2015 and 0-22% in the GC. These differences in heterotic 
response between the various environments are likely the consequence of different sensitivity of the 
hybrid and its parental lines to the environment. We next determined if this variability is caused by 
the variability of the hybrid itself or alternatively by the variability of the inbreds. 
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Table 3.2 Heterotic effects on plant height. Comparison for plant height (PH) between the hybrid and parental 
lines under controlled conditions (GC) and over three field trials (FT2013-FT2015). The hybrid performance 
relative to the mid-parent (MPH) and the best-parent (BPH) for the trait plant height (PH) was given. (** p-value 
< 0.01, * p-value < 0.05) 
 FT2013  FT2014  FT2015  GC  
PH %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH 
B104xCML91 94,6** 51,5** 37,3** 31,6** 38,1** 27,1** 43,6** 22,2* 
B104xF7 84,5** 37,2** 47,2** 20,9** 46,9** 26,7** 18,0* 3,1 
B104xH99 101,4** 60,4** 68,3** 34,6** 32,3** 1,7 25,6** 5,2 
B104xMo17 78,8** 75,7** 23,3** 8,2** 20,0** 2,5* 13,6** 10,0* 
B104xW153R 72,5** 71,5** 47,9** 32,9** 4,7** 4,6** 35,8** 17,3* 
 
The inbred line Mo17 almost doubled (+99%) in plant height from an average of 123 cm in FT2013 to 
243 cm in FT2014 (Fig. 3.3). Similarly, the inbred lines F7 and CML91 showed a considerable increase 
between the different experiments in plant height, 135% (62 till 146 cm) and 138% (71 till 168 cm), 
respectively. These large variations in plant height of the inbred lines over the experiments (field 
trials and growth room experiment) are striking compared to those of their hybrid lines (25-31%) 
(Fig. 3.3). This suggests that inbred lines such as Mo17 and CML91 are very susceptible to 
environmental conditions whereas their hybrid lines are more stable. Conversely, the variability of 
the hybrid lines B104xH99 and B104xW153R between the environmental conditions was similar or 
larger relative to their inbred lines. The hybrids B104xH99 and B104xW153R display an increase in PH 
of 67% (148 till 247 cm) and 60% (152 till 244 cm) between the different conditions, while the inbred 
lines B104, H99 and W153R showed an increase between the field trials of 53% (127 till 195 cm), 75% 
(75 till 132 cm) and 17% (126 till 146 cm) respectively. So, the hybrid lines B104xH99 and 
B104xW153R are more susceptible to certain environmental conditions in comparison to their inbred 
lines. This data indicates that hybrids are not necessarily better adapted than inbred lines to variable 
environmental conditions, but the better adapted hybrids seem to be more prone to heterotic 
effects.  
In terms of absolute performance the hybrids B104xH99 and B104xW153R showed a decrease in 
FT2015 compared to the other field trials (Fig. 3.4A). Additionally, the hybrid performance of 
B104xH99 and B104xW153R in 2015 was lower compared to the other three investigated hybrids, 
while the hybrid performance in the other field trials was in a more or less similar range. Similar 
observations are made for the traits ear weight, kernel weight and number of kernels per ear (Table 
S3.2). 
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Figure 3.3 Variation in plant height. Variation in plant height between the field trials of 2013, 2014 and 2015 
and growth room experiment for all hybrid and inbred lines. The relative variation is expressed as the 
percentage increase of the highest average performance relative to the lowest average performance.  
 
Above observations further underline the contrasting behavior of the hybrids B104xH99 and 
B104xW153R versus the hybrid lines B104xCML91, B104xF7 and B104xMo17. The hybrid lines 
B104xH99 and B104xW153R were sensitive to the environmental conditions of 2015 causing reduced 
performance and lower heterotic effects. On the other hand the six inbred lines were mostly 
susceptible to the environmental conditions of FT2013, elevating the observed plant height heterosis 
levels. These observations indicate that inbred and hybrid lines have a high susceptibility to different 
conditions, underlining the importance of genotype x year interactions when assessing plant height 
heterosis. Higher hybrid or inbred sensitivity to the environment lowers or increases the observed 
heterosis levels, respectively. 
 
Figure 3.4 Final plant height and leaf length in field and controlled conditions. Plant height (A) and final length 
of leaf 4 (B) (average ± standard error) for the field trials (FT) of 2013, 2014 and 2015 and growth room 
experiment (GC) for all hybrid and inbred lines. Final leaf length was not measured for the FT2013. 
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The fourth leaf is our chosen model to investigate growth under controlled conditions, allowing for 
the analysis of the cellular and molecular mechanisms governing growth (Nelissen et al., 2013). In the 
growth chamber, the hybrid lines displayed weaker heterosis levels on FLL (0-14% MPH) compared to 
the field trials of 2014 (8-52% MPH) and 2015 (17-47% MPH), with the hybrids showing BPH in both 
FTs except B104xMo17 in FT2014 (Table 3.3). Nevertheless, the mid-parent heterosis levels of 
B104xMo17 were comparable between FT2014 (13%) and FT2015 (17%). For the trait FLL, all hybrids 
including B104xH99 and B104xW153R displayed heterosis in both seasons, as opposed to traits as 
plant weight and ear weight. A likely explanation is that FLL was monitored early in the growing 
season when the plants were not yet exposed to a drought period in contrast to the other observed 
traits that were measured at the end of the growing season. FLL was about 2-3 times larger in GC 
compared to field conditions (Fig. 3.4B). This considerable gap in performance between field and 
controlled conditions is present for both hybrid and inbred lines. The heterosis levels were reduced in 
the GC compared to the field trials, indicating that the inbred lines were more sensitive to the 
environmental conditions in the field. In summary, leaf length heterosis levels in changing conditions 
of field trials are in general higher than in well-controlled lab conditions, while the absolute 
performance is higher in lab conditions as demonstrated by FLL.  
 
Table 3.3 Heterotic effects on final leaf length 
 Comparison for final leaf length (FLL) of the fourth leaf between the hybrid and parental lines under controlled 
conditions and over two field trials (FT2014-FT2015). The hybrid performance relative to the mid-parent (MPH) 
and the best-parent (BPH) for the trait final leaf length (FLL) is given. (** p-value < 0.01, * p-value < 0.05) 
 FT2014  FT2015  GC  
FLL %MPH %BPH %MPH %BPH %MPH %BPH 
B104xCML91 27,6** 15,7** 41,0** 38,9** 8,6* -0,7 
B104xF7 52,2** 47,3** 47,7** 38,2** 13,8** 5,1 
B104xH99 22,1** 16,4** 32,8** 18,6** 1,7 1,6 
B104xMo17 12,7** -1,1 17,3** 10,2** 9,1** 5,3 
B104xW153R 8,4** 7,8** 20,1** 19,4** 8,3* 5,0 
 
Leaf elongation rate is the main driver of heterotic leaf growth in B104 hybrids 
under controlled conditions 
To gain better insight in which processes are at the basis of the FLL heterosis, the final leaf length 
(FLL) and the growth parameters leaf elongation rate (LER) and leaf elongation duration (LED) of the 
fourth leaf were determined for the inbred lines and the hybrids. First the growth of the different 
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inbred lines was compared relative to B104 (Table 3.4). The FLL of H99 and W153R was not 
significantly different from B104. LED of H99 and W153R was longer relative to B104, while only non-
significant effects on LER were observed for these inbred lines relative to B104. A combination of an 
enhanced LER and LED resulted in the increase in FLL in CML91, F7 and Mo17. Thus, while all the five 
inbred lines had a longer period of leaf elongation (LED) relative to B104, only the inbreds CML91, F7 
and Mo17 also showed a higher leaf elongation rate (LER) during the first days of leaf appearance and 
a subsequent higher FLL. These different contributions of the growth mechanisms towards leaf 
growth in the various inbred lines, indicate that growth is regulated in diverse manners in the inbred 
lines.  
During the second GC experiment the B104 hybrids were evaluated together with the inbred lines 
(Table S3.3). All hybrids showed MPH but no BPH for FLL in the growth room, except B104xH99 which 
showed no heterotic effect (Table 3.5). The hybrids B104xCML91, B104xF7 and B104xMo17 showed 
no significant difference with the mid-parent for LED, suggesting that their increase in FLL could be 
mainly attributed to the increased LER. It is remarkable that the inbred lines CML91, F7 and Mo17 
had both increased LER and LED compared to B104, but in their hybrids no significant LED heterosis 
was observed. 
 
Table 3.4 Comparison of the growth mechanisms of the inbred lines relative to B104. Comparison for final leaf 
length (FLL), leaf elongation duration (LED) and leaf elongation rate (LER) of the fourth leaf between the inbred 
lines and B104 in the growth chamber. The value represents the percentage increase of the inbred line relative 
to B104. (two-tailed Student’s t-test ** p-value <0.01; * p-value< 0.05) 
 Experiment 1 Experiment 2 
 FLL LER LED FLL LER LED 
CML91 vs B104 29,4** 18,2** 19,5** 20,6** 23,8** 4,2 
F7 vs B104 30,0** 12,2 20,0** 18** 15,5** 16,7* 
H99 vs B104 10,3 5,1 7,5 0,2 0,9 10,6* 
Mo17 vs B104 21,5** 9,5 17,2 7,3* 12,3** 16** 
W153R vs B104 17,2 1,7 13,4** -6,2 -11,9 7,9* 
 
The hybrid B104xH99 and B104xW153R had a significant lower LED relative to the mid-parent value. 
In B104xH99 and B104xW153R, the higher LER (10.5% and 17.3% MPH) is counteracted by a lower 
LED (-10.5% and -11.8% MPH) resulted in a FLL comparable to the mid-parent or in an increased FLL 
(8.3% MPH), respectively. Interestingly, H99 and W153R had an increased LED compared to B104, but 
the hybrid lines B104xH99 and B104xW153R were the only hybrids with a negative heterotic effect on 
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LED. In addition, examination of a 3D scatterplot for the traits FLL, LER and LED showed that CML91, 
F7, Mo17 and their B104 hybrids grouped separately from B104, H99, W153R and their B104 hybrids 
(Fig S3.3). In conclusion, the higher LER is the driving force behind leaf growth heterosis in B104 
hybrids, while LED never made a positive contribution. Though, preliminary data indicated that LED 
can make a positive contribution to leaf growth heterosis under mild drought stress, but LER 
remained the main process contributing to leaf growth heterosis (Table S3.4). 
 
Table 3.5 Heterotic effect on the growth mechanisms. Comparison for final leaf length (FLL), leaf elongation 
duration (LED) and leaf elongation rate (LER) of the fourth leaf between the hybrids and parental lines under 
controlled conditions. The hybrid performance relative to the mid-parent (MPH) and the best-parent (BPH) is 
given. For the bold and underlined values hybrid performance was lower than the parental values, thus the 
hybrid performance was compared to the lowest scoring parent. (** p-value < 0.01, * p-value < 0.05) 
  FLL LER LED 
  %MPH %BPH %MPH %BPH %MPH %BPH 
B104 x CML91 8,6** -0,7 15,2** 4,1 -4,2 -6,1 
B104 x F7 13,8** 5,1 18,3** 10,3* -2,9 -9,9 
B104 x H99 1,7 1,6 10,5** 10,0** -10,5** -14,7 
B104 x Mo17 9,1* 5,3 17,9** 11,5** -4,5 -11,1 
B104xW153R 8,3* 5,0 17,3** 10,3* -11,8** -8,3* 
 
 
Stimulating LED by mild overexpression of PLA1 is able to increase leaf growth and 
enhance heterotic performance in hybrids 
The heterotic effect in B104 hybrids mainly works on the leaf elongation rate (LER) and not leaf 
elongation duration (LED). Previously, we have shown that the Zea mays PLA1 gene when expressed 
under the GA2OX promoter enlarges leaf size by extending leaf elongation duration (Sun et al., 
submitted). We therefore evaluated if combining the two independent processes of LER and LED 
could further stimulate leaf growth heterosis. To this end we created hybrids between the GA2OX-
PLA1 transgenic line, in a B104 background, and the five different inbreds (Table S3.5).  
Comparing the PLA1 overexpressing transgenic (T) hybrids relative to non-transgenic (NT) hybrids 
revealed a significant increase in leaf area (21-49%), leaf width (8-16%) and final leaf length (10-13%), 
except for leaf width in B104xCML91 background (Table 3.6). Analysis of the growth of the 4th leaf 
revealed that LED was always positively increased albeit not statistically significant for the hybrids 
B104xCML91 and B104xH99. A positive effect was detected for LER in all backgrounds, but the effect 
was not statistically significant for B104xCML91 and B104xMo17. In conclusion, the effect of PLA1 
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overexpression on leaf growth was comparable between the different investigated hybrid 
backgrounds. A combination of LER and LED appears to drive the growth enhancement by PLA1 
overexpression in hybrid backgrounds. 
 
Table 3.6 The growth mechanisms in hybrid backgrounds between GA2OX-PLA1 and the five inbreds. 
Percentage difference of the transgenic (T) hybrids, ectopicly expressing PLA1,  compared with the non-
transgenic (NT) hybrids for final leaf length (FLL), leaf elongation rate (LER), leaf elongation duration (LED), leaf 
area and leaf width of the fourth leaf. (two-tailed Student’s t-test ** p-value <0.01; * p-value< 0.05)  
%increase hybrid T vs NT AREA WIDTH FLL LER LED 
B104xCML91 24,1* 7,0 12,8* 11,3 3,0 
B104xF7 29,4** 15,7** 9,9** 6,1* 11,5** 
B104xH99 33,3** 13,8* 12,6* 8,3* 4,5 
B104xMo17 20,5** 7,9* 12,4** 6,3 8,3** 
B104xW153R  48,7** 13,4* 12,5** 8,4* 8,4** 
 
The ectopic expression of PLA1 in the five hybrids increased the BPH levels for leaf area of the T 
hybrids with 13-35% compared to the NT hybrids (Table 3.7), except for the Mo17 hybrids which 
showed no leaf growth heterosis. Leaf area is a function of leaf length and width. The heterosis levels 
for leaf length and width are approximately half of those for leaf area. In transgenic hybrids the BPH 
heterosis levels were enhanced for leaf width (8-15%) and FLL (10-14%) compared to the non-
transgenic hybrids, except for B104xMo17 and B104xW153R for leaf width and B104xH99 and 
B104xW153R for FLL. So, the increase in heterosis levels was less pronounced or absent in some 
hybrids for the traits leaf width and FLL as opposed to leaf area. Focusing on the growth processes 
LER and LED revealed that BPH for LER was enhanced in four of the hybrids (5-14%), while LED only 
showed enhanced heterosis in the F7 hybrid (Table 3.7). In conclusion, ectopic expression of PLA1 in 
hybrids could enhance leaf growth by increasing LER and LED. Ectopic PLA1 expression in the 
investigated hybrids enhanced heterosis observed for leaf area, FLL, leaf width and LER, but not for 
LED. 
 
 
 
CHAPTER 3 
91 | P a g e  
 
 
Table 3.7 Heterotic effect in transgenic GA2OX-PLA1 and non-transgenic hybrids. Comparison for final leaf 
length (FLL), leaf elongation rate (LER), leaf elongation duration (LED), leaf area and leaf width of the fourth leaf 
between the (non-)transgenic hybrid and its parental lines under controlled conditions. The hybrid performance 
relative to the mid-parent (MPH) and the best-parent (BPH) is given. For the bold and underlined values hybrid 
performance was lower than the parental values, thus the hybrid performance was compared to the lowest 
scoring parent. (** p-value < 0.01, * p-value < 0.05) 
  AREA WIDTH FLL LER LED 
  %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH 
PLA1_NT x CML91 45,1** 24,3* 19,5**  9,1 23,6** 10,0* 28,6** 24,2** -1,9 -9,8 
PLA1_T x CML91 54,4** 54,2** 17,4** 16,7** 29,6** 24,0** 45,0** 38,1** -4,1 -7,1 
PLA1_NT x F7 76,6** 56,3** 33,6** 28,0** 28,4** 15,1** 30,5** 21,7** 7,2**  -0,1 
PLA1_T x F7 93,1** 84,7** 42,2** 36,7** 29,4** 26,5** 32,3** 29,2** 10,7** 10,0** 
PLA1_NT x H99 31,4** 21,1* 17,1** 5,8  13,6** 13,3** 17,4** 13,5** -1,6 -5,6 
PLA1_T x H99 46,7** 34,5** 23,8** 20,4** 16,3** 6,9* 19,7** 9,7** 10,0 -2,4 
PLA1_NT x Mo17 1,7 -15,1 2,1 -11,1 1,1 -2,7 5,1 3,8 -6,8 -2,1 
PLA1_T x Mo17 9,3 2,3 1,6 -4,1 8,1** 6,8* 9,3** 8,3* -2,5 -1,3 
PLA1_NT x W153R 34,6** 22,9* 31,7** 28,8** 5,2 0,9 22,0** 16,5** -4,0 -8,6 
PLA1_T x W153R 69,7** 58,3** 36,8** 28,6** 9,8** 6,3 30,1** 22,4** -2,2 -0,9 
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Discussion 
Sub-optimal environmental conditions affect growth and heterosis of B104 hybrids 
differently  
Five hybrids were generated with the transformable B104 line, with the goal of gaining a better 
understanding about hybrid growth and utilizing one or more of these hybrids in future field 
evaluation of transgenic lines. The ability to evaluate the effect of a transgene in a hybrid background 
enlarges very significantly the agronomic relevance certainly when dealing with yield related traits. 
B104 hybrids with Mo17 and B97 were reported to have a consistently high yield performance 
(Hallauer et al., 1997), but to our knowledge no detailed analysis of hybrid vigor in B104 hybrids was 
ever performed. Our data demonstrated that all five B104 hybrid lines are suited to evaluate ear and 
seed related traits in Belgium field conditions. 
Our analysis of heterosis for ear traits, seed traits, plant height and FLL over three consecutive years 
of field trials revealed variation in heterosis levels caused by the different environmental conditions 
that were occurring during these three growing seasons. Variation in heterosis levels under field 
conditions are to be expected due to the different sensitivity of inbred and hybrid lines to 
environmental stimuli. Hybrids were reported to be more tolerant towards stresses, for example 
drought or higher planting density, and as such are more stable compared to inbred lines, affecting 
the observed grain yield heterosis levels positively (Araus et al., 2010; Betran et al., 2003; Liu and 
Tollenaar, 2009). Hybrids appear more efficient than inbreds in using the available resources under 
improved growing conditions (Munaro et al., 2011). Due the efficient N use of hybrids under 
improved conditions, hybrids were affected more by N deficiency than inbreds (D’Andrea et al., 2009). 
These observations show that stress conditions can affect yield heterosis levels in both positive and 
negative direction depending on the differential sensitivity of the hybrid and parental lines to the 
environment.  
Our data show that environmental conditions affect heterosis levels for plant height and ear related 
traits through inbred sensitivity or hybrid sensitivity resulting in higher or lower heterosis levels, 
respectively. Stress conditions resulting in overall reduced performance in both inbred and hybrid 
lines (e.g. FT2013) have a bigger impact on the inbred lines compared to the hybrid lines resulting in 
increased heterosis levels in all hybrids. The hybrids B104xH99 and B104xW153R showed no or a 
weak heterosis response in one of the FTs (2015), whereas the other hybrids B104xCML91, B104xF7 
and B104xMo17 showed heterotic effects in all FTs. Also in terms of absolute performance the 
hybrids B104xH99 and B104xW153R showed a decrease compared to the other three investigated 
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hybrids (FT2015), while the hybrid performance in the other field trials was in a more or less similar 
range. Clearly H99 and W153R are less well suited to generate stable high performing hybrids with 
(transgenic) B104 inbred lines in the Belgium climate. The hybrid lines B104xCML91, B104xF7 and 
B104xMo17 performed well and showed heterosis in all investigated years, making them excellent 
candidate genotypes to use for transgenic research. The B104xCML91 hybrids ectopically expressing 
PLA1, were successfully used to evaluate seed-related traits under field conditions in Iowa and 
Belgium (Sun et al., submitted). These findings indicate that the B104 hybrids, especially 
B104xCML91, are excellent genetic backgrounds to evaluated transgenes in the field, with respect to 
seed yield. 
Next to the distinction between the hybrids based on heterotic levels and hybrid performance, the 
analysis of leaf growth uncovered a negative contribution of LED for the hybrids B104xH99 and 
B104xW153R, whereas the other hybrids showed no significant effect of LED. In the PLA1 hybrids no 
significant negative effect on LED heterosis was detected in any hybrid, however the various hybrids 
were not grown simultaneous preventing direct comparison between the hybrid lines. The H99 and 
W153R inbred lines both belonged to the same heterotic sub-group (Non-Stiff Stalk -mixed) (Liu et al., 
2003), with the other inbred lines belonging the other heterotic (sub)groups (CML91: Mixed; F7: 
Mixed; Mo17: Non-Stiff Stalk - CO109:Mo17). The distinct performance of the B104xH99 and 
B104xW153R hybrids compared to the other hybrid lines in combination with their common genetic 
basis, may indicate the existence of a common regulation mechanism affecting growth processes in 
response to specific environmental conditions. However based on our data the existence of two 
independent regulation mechanisms responsible for the growth phenotypes in the B104xH99 and 
B104xW153R hybrids cannot be excluded. 
 
Heterosis is affecting multiple traits and growth mechanisms 
Grain yield is among the most important and well-studied traits in plant breeding. However, yield is a 
quantitative trait, which is affected by many genetic factors interacting with the environment, and the 
often unpredictable nature of these interactions prevents a straightforward understanding of yield 
heterosis. Heterosis is observed for multiple traits in maize and the average heterosis levels differed 
largely between the various traits (Betrán et al., 2003; Flint-Garcia et al., 2009; Tollenaar et al., 2004).  
Yield heterosis is mainly based on end-point measurements, when the plant was exposed to the 
conditions of the entire whole growing season. Looking at heterosis levels over time revealed that for 
some features heterosis remained stable over time, while for other traits, for example biomass, 
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heterosis varied throughout the lifecycle (Edlich-Muth et al., 2016; Tollenaar et al., 2004). Heterosis 
phenotypes can be detected as early as in the embryo or early seedling (Hoecker et al., 2006; Meyer 
et al., 2007). As shown in this study, (leaf) growth heterosis can be detected early in development as 
demonstrated by heterosis of FLL and LER in the fourth leaf. Our data on the early trait FLL showed 
heterosis for all hybrids, while at the end of the growing season, during which plants are subjected to 
various environmental cues, a distinction could be made between two classes of hybrids based on 
their heterotic response for plant height in FT2015. Traits assessed at the end of the growth season 
could also differ in their heterotic response, for example the trait ‘kernel row number’ had no or 
limited heterosis, while the trait ‘kernels per row‘ displayed high levels of heterosis in general.  
Previous studies showed that the traits plant yield and total kernel weight had the highest heterosis 
levels with hybrid performance exceeding double of the best parent value, while most observed traits 
only exhibited 10-30% best parent heterosis (Flint-Garcia et al., 2009). Multiplicative traits as plant 
yield and total kernel weight show the highest heterosis levels and are hypothesized to combine the 
variation from several other traits as plant height or ear length (Flint-Garcia et al., 2009; Lippman and 
Zamir, 2007). We observed that heterosis levels in traits at the whole organ level such as leaf area are 
higher compared to their sub-traits such as leaf width and FLL. Focusing on the trait FLL 
demonstrated that of the involved growth processes LER and LED, mainly LER contributed to FLL 
heterosis. These observations further support the idea that yield heterosis results from the combined 
effect on the aspect of development and likely also cellular and molecular processes. The lower 
heterosis levels in sub-traits could complicate more in-depth research, while still a lot needs to be 
investigated about the underlying growth mechanisms of yield heterosis. 
 
Leaf elongation rate is the growth process stimulating growth in B104 hybrids in 
controlled conditions 
The processes LER and LED were previously reported to independently contribute towards leaf size 
and no common molecular basis was found (Baute et al., 2016; Baute et al., 2015). Previous 
observation of a limited amount of lines with both high LER and LED in a RIL population suggested the 
idea of phenotypic tradeoff between LER and LED (Baute et al., 2015). Under cold nights or mild 
drought stress conditions increased LED (partially) compensated for the reduction in LER (Nelissen et 
al., submitted) and ectopic PLA1 expression enhanced the compensation of LED under mild drought 
conditions (Sun et al., submitted).  
Leaf elongation rate was highly correlated to leaf size and seedling biomass in a RIL population, 
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suggesting high LER to be an indication for high biomass (Baute et al., 2015). Here, we demonstrate 
that in all five hybrids the leaf growth heterosis resulted from an increased leaf elongation rate (LER) 
as compared to the LER in the parental inbred lines. This observation indicates that LER is a robust 
mechanism in controlled conditions underlying heterosis for leaf size and biomass yield, and 
understanding the molecular basis of the effect is an interesting goal for future research. Next to LER, 
the process LED also contributed to FLL (Baute et al., 2016). However, the growth mechanism LED 
opposed to LER made no positive contribution to leaf growth heterosis in controlled conditions. 
Boosting LED by GA2OX-PLA1 overexpression was insufficient to enhance LED heterosis in most 
hybrid lines. However, under mild drought stress conditions we observed that LED heterosis can make 
a contribution to FLL heterosis, although LER remained the main driver. 
 
Transgenic research: hybrids and environment 
The transition between lab and field research is important, with the lab offering a stable, 
reproducible environment for initial research and the field trials providing variable environmental 
conditions. Under controlled conditions heterotic responses for FLL and LER also proved to be 
variable for the non-transgenic hybrid lines (Table 3.5, 3.7). B104xMo17 is the most extreme 
example, with significant FLL and LER heterosis in one experiment, but no heterotic response in the 
other experiment. The use of different growth chambers for the experiments appeared to affect 
growth responses, though the main conclusion, that LER is the main process contributing to FLL 
heterosis under controlled conditions, remains the same over the experiments. Although leaf size 
heterosis is clearly detectable in lab conditions it is more prominent in field conditions. The increase 
in FLL heterosis levels in field conditions compared to GC conditions is accompanied by a 
considerable decrease in absolute performance, but although the trait is very dependent on the 
environmental conditions it is still possible to study leaf growth heterosis in the GC. This observation 
underlines the importance of combined research in lab and field conditions exploring both the 
potential and robustness of traits. 
As shown in our data the B104 line did not produce seed in all field conditions, whereas the hybrid 
lines do not have this problem making them a valid alternative to evaluate transgenes under field 
conditions. The strategy to utilize hybrids in transgenic field research involving yield proved 
successful. Previous transgenic research in hybrid background overexpressing trehalose-6-phosphate 
phosphatase in greenhouse and field conditions showed yield improvements under non-drought and 
drought conditions highlighting the usefulness of this strategy to evaluate transgenes (Nuccio et al., 
2015). Additional examples of successful transgenic research in hybrids are the down-regulation of 
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ACC synthases, the rate-limiting enzyme in ethylene biosynthesis (Habben et al., 2014), and 
overexpression of ZmARGOS8, a negative regulator of ethylene signaling, increasing grain yield in 
field conditions (Shi et al., 2015).  
We determined that GA2OX-PLA1 ectopic expression in B104xCML91 hybrids enhanced biomass and 
grain yield in the field (Sun et al., submitted). The PLA1 phenotype exhibiting longer and wider leaves 
was observed in both the B104 as well as all five hybrid backgrounds. Here, ectopic expression of 
PLA1 in the five hybrids in lab conditions revealed a contribution of LER next to LED in promoting leaf 
growth, whereas detailed analysis of the effect of PLA1 in the inbred B104 mainly found evidence for 
PLA1 extending LED (Sun et al., submitted). This observation demonstrates the importance of 
evaluating transgene expression in distinct genetic backgrounds, for this purpose generating hybrid 
lines provide an excellent solution. The observation that the growth machinery comes in different 
flavors in the different genotypes of one species has important consequences for our ability to 
improve plants by genetic engineering. Many genes were identified that increase plant growth 
and/or seed productivity in lab, greenhouse or field conditions but only few genes thus far have been 
commercialized, suggesting a high attrition rate. By introducing transgenes in a B104 background one 
can generate hybrids that can be further tested in lab and field conditions. As such the confidence 
level that genes will have an effect in multiple genetic backgrounds can be easier addressed.  
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C Figure S3.1 Environmental conditions during 
the field trials Average temperature (A) rain 
fall (B) per month on the field trial location for 
the year 2013-2015 and on average during the 
last 10 years (2006-2015).  C, The GDU (growing 
degree units) accumulation during the growth 
seasons for the growing seasons of FT2013-
2015. The average GDU over the years 2006-
2015 was calculated corresponding with the 
start date 14 May. Arrows indicate the sowing 
date (25/04/2013, 16/05/2014 and 
12/05/2015). Error bars represent the standard 
error. FT: field trial 
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Figure S3.2 Heterotic effect on fresh weight per plant during the field trails. The mid-parent heterosis (MPH) 
levels for fresh weight of the whole plant (A), the stover biomass (B) and cob biomass (B) and the dry matter 
(DM) percentage (C) in cob and stover material in the field trails (FTs) of 2013-2015 was given. Mid-parent 
heterosis (MPH) values represent the average performance of the hybrid relative to the average mid-parent 
performance. The stover biomass includes leaves, stalk and tassel, but not the cob (central part of the ear) and 
husk tissues. 
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Figure S3.3 3D scatterplot of the B104 hybrid experiment. The average performance for final leaf length (FLL), 
leaf elongation rate (LER) and leaf elongation duration (LED) of the five B104 hybrid lines and their parental 
lines was represented in a 3D scatter plot. The figure was generated using the R software. 
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Table S3.1 Heterotic effects on kernel traits. Comparison for kernel traits between the hybrid and parental lines over two field trials (FT2014-FT2015). The hybrid 
performance relative to the mid-parent (MPH) and the best-parent (BPH) for the traits kernel per row, kernel row number, number of kernels per ear and 100 kernel weight 
is given. For the underlined values hybrid performance was compared with the lowest scoring parent. (** p-value < 0.01, * p-value < 0.05) 
 
  kernels per row kernel row number 
  FT2014   FT2015   FT2014 FT2015 
genotypes %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH 
B104xCML91 76,6** 65,2** 43,9** 43,4** -5,2 -1,5 15,2 15,2 
B104xF7 37,8** 34,9** 50,8** 45,2** 6,7 -2,2 23,6** 3,0 
B104xH99 85,1** 60,0** -17,2 -14,3 12,6** -5,6 22,4** 7,6 
B104xMo17 38,2** 20,3** 34,4** 16,2* -6 -2,0 7,7 6,1 
B104xW153R 33,1** 22,1 -14,7 -13,1 12,2 2,2 -2,2 -6,8 
  number of kernels per ear weight of 100 kernels 
  FT2014   FT2015   FT2014 FT2015 
genotypes %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH 
B104xCML91 86,4** 65,9** 81,4** 78,3** 75,4** 52,1** 122,9** 52,3** 
B104xF7 46,7** 28,6** 101,2** 70,7** 89,7** 68,0** 128,9** 52,4** 
B104xH99 111,5** 53,8** -7,0 -18,8 60,5** 40,9** -14,9 -39,9 
B104xMo17 34,0** 18,4* 47,4** 20,9 45,2** 13,2 147,7** 91,0** 
B104xW153R 33,0** 11,1 -13,3 -8,3 75,3** 46,4** -36,3** -59,1 
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Table S3.2 Summary data field trials. Average performance (±SE) per genotype for all the observed ear traits, final leaf length and final plant height in the field trials of 2013, 
2014 and 2015. 
  ear length (mm) ear width (cm) kernel row number 
Number of kernels per 
row 
  FT2013 FT2014 FT2015 FT2013 FT2014 FT2015 FT2014 FT2015 FT2014 FT2015 
B104 94,4 ± 4,5 113,7 ± 1,6 131,6 ± 1,4 18,3 ± 1,7 39,4 ± 0,5 38,9 ± 0,8 15,0 ± 0,4 13,2 ± 0,7 23,3 ± 0,9 27,0 ± 0,6 
B104xCML91 168,6 ± 4,9 165,7 ± 1,6 196,4 ± 1,2 44,1 ± 0,9 47,2 ± 0,5 50,5 ± 1,0 14,8 ± 0,5 15,2 ± 0,4 38,6 ± 0,7 39,0 ± 0,8 
CML91 49,0 ± 9,4 97,7 ± 3,3 130,0 ± 4,7 22,5 ± 4,1 40,4 ± 1,7 40,8 ± 1,5 16,2 ± 1,2 13,2 ± 0,9 20,3 ± 1,9 27,2 ± 0,8 
B104xF7 155,4 ± 3,8 150,7 ± 2,7 190,6 ± 3,7 35,8 ± 2,0 47,6 ± 0,7 49,6 ± 0,7 14,7 ± 0,3 13,6 ± 0,4 32,8 ± 0,9 39,2 ± 0,6 
F7 70,0 ± 3,6 115,2 ± 0,8 123,2 ± 2,7 24,0 ± 0,9 33,4 ± 0,4 31,9 ± 0,7 12,5 ± 0,7 8,8 ± 0,4 24,3 ± 0,7 25,0 ± 0,6 
B104xH99 145,2 ± 5,0 156,2 ± 6,2 111,6 ± 12,2 37,9 ± 0,5 44,6 ± 0,4 40,9 ± 1,9 14,2 ± 0,4 14,2 ± 0,6 37,3 ± 1,7 21,6 ± 3,1 
H99 79,0 ± 3,2 96,2 ± 11,0 146,0 ± 2,0 18,1 ± 1,7 29,6 ± 1,1 33,2 ± 1,2 10,2 ± 0,4 10,0 ± 0,0 1,1 ± 1,6 25,2 ± 2,1 
B104xMo17 159,4 ± 6,1 191,7 ± 2,8 219,8 ± 5,6 38,1 ± 1,3 45,4 ± 0,6 48,4 ± 1,4 13,6 ± 0,4 14,0 ± 0,6 37,9 ± 1,3 4,03 ± 2,0 
Mo17 103,6 ± 5,7 163,0 ± 3,3 192,0 ± 4,2 12,2 ± 1,0 41,9 ± 1,5 41,9 ± 0,8 13,8 ± 0,9 12,8 ± 0,4 31,5 ± 2,2 37,0 ± 1,5 
B104xW153R 157,4 ± 7,7 139,3 ± 5,9 123,4 ± 4,9 42,1 ± 1,1 46,7 ± 0,7 42,1 ± 0,8 15,3 ± 0,5 13,6 ± 0,4 28,5 ± 2,0 22,6 ± 2,1 
W153R 142,4 ± 14,7 109,3 ± 4,7 149,8 ± 5,2 39,2 ± 2,2 38,9 ± 2,7 44,0 ± 0,8 12,3 ± 1,4 14,6 ± 0,4 19,5 ± 2,1 26,0 ± 1,2 
 
 
ear weight (g) weight 100 kernels (g) number of kernels per ear 
  FT2013 FT2014 FT2015 FT2014 FT2015 FT2014 FT2015 
B104 6,4 ± 1,4 62,2 ± 2,5 40,3 ± 7,5 13,6 ± 0,5 6,8 ± 0,9 328 ± 5 301 ± 23 
B104xCML91 169,0 ± 10,7 182,7 ± 3,6 196,8 ± 10,3 28,2 ± 0,9 28,1 ± 1,5 545 ± 17 556 ± 16 
CML91 13,7 ± 4,6 58,6 ± 6,9 70,7 ± 10,0 18,6 ± 1,0 18,5 ± 1,3 256 ± 29 312 ± 22 
B104xF7 107,4 ± 8,8 140,7 ± 6,3 192,3 ± 12,8 29,7 ± 0,8 31,1 ± 1,8 422 ± 19 514 ± 24 
F7 16,3 ± 0,6 48,8 ± 1,9 50,5 ± 1,9 17,7 ± 0,5 20,4 ± 1,1 247 ± 9 210 ± 10 
B104xH99 78,9 ± 7,2 155,5 ± 4,5 40,8 ± 21,1 25,4 ± 0,4 9,9 ± 1,2 505 ± 24 245 ± 55 
H99 5,7 ± 1,6 33,2 ± 5,4 49,3 ± 10,3 18,0 ± 1,7 16,4 ± 1,4 149 ± 18 225 ± 21 
B104xMo17 89,8 ± 9,1 171,6 ± 7,9 170,2 ± 16,3 27,6 ± 0,9 23,8 ± 0,9 506 ± 19 569 ± 43 
Mo17 5,0 ± 1,1 125,4 ± 17,1 75,7 ± 8,2 24,3 ± 2,3 12,5 ± 1,1 427 ± 45 470 ± 34 
B104xW153R 122,1 ± 15 134,8 ± 12,7 44,2 ± 9,5 29,8 ± 1,0 9,7 ± 0,8 365 ± 23 276 ± 25 
W153R 89,6 ± 31,8 52,5 ± 6,2 94,0 ± 4,2 20,3 ± 1,2 23,8 ± 0,9 282 ± 67 336 ± 9 
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Final plant height (cm) Final leaf length (mm) 
  FT2013 FT2014 FT2015 GC FT2014 FT2015 GC 
B104 127,1 ± 2,5 183,6 ± 2,2 145,5 ± 0,8 194,6 ± 5,0 242,3 ± 1,9 195,8 ± 1,7 670,4 ± 11,2 
B104xCML91 192,5 ± 1,9 241,5 ± 2,4 184,9 ± 1,8 237,8 ± 12,5 344,3 ± 3,1 280,4 ± 4,6 803,0 ± 28,4 
CML91 70,8 ± 2,6 168,1 ± 2,7 122,2 ± 2,2 136,5 ± 16,4 297,5 ± 3,8 201,8 ± 3,1 808,4 ± 23,4 
B104xF7 174,3 ± 1,2 222,0 ± 1,4 184,3 ± 1,2 200,7 ± 19,0 381,5 ± 3,5 310,7 ± 4,1 831,1 ± 22,6 
F7 61,9 ± 1,3 118,0 ± 2,0 105,3 ± 1,0 145,6 ± 4,5 259,0 ± 4,7 224,8 ± 4,3 790,9 ± 12,6 
B104xH99 203,8 ± 2,8 247,1 ± 1,4 148,0 ± 1,5 204,8 ± 8,3 282,1 ± 2,9 232,3 ± 12,4 682,4 ± 14,1 
H99 75,4 ± 6,2 110,1 ± 2,1 78,2 ± 1,7 131,6 ± 5,6 219,8 ± 3,8 154,0 ± 3,7 672,0 ± 10,0 
B104xMo17 223,2 ± 2,2 263,4 ± 4,2 210,4 ± 2,3 228,5 ± 3,2 317,1 ± 2,6 245,3 ± 2,9 757,9 ± 14,5 
Mo17 122,6 ± 2,4 243,5 ± 3,9 205,2 ± 3,0 207,7 ± 8,6 320,5 ± 2,7 222,5 ± 2,9 719,5 ± 18,8 
B104xW153R 217,9 ± 5,5 244,0 ± 2,4 152,2 ± 1,0 228,3 ± 13,3 264,2 ± 2,9 236,5 ± 2,4 703,8 ± 14,1 
W153R 125,5 ± 5,1 146,4 ± 3,1 145,2 ± 2,4 141,7 ± 4,8 245,1 ± 7,8 198,1 ± 4,3 629,0 ± 29,7 
 
 
Table S3.3 Leaf growth performance in a controlled environment Average performance and standard error of final leaf length (FLL), leaf elongation rate (LER) and leaf 
elongation duration (LED) in a controlled growth experiment. 
  FLL LER LED 
B104 670,4 ± 11,2 2,7 ± 0,1 197,2 ± 3,4 
B104xCML91 803,0 ± 28,4 3,5 ± 0,1 192,9 ± 3,4 
CML91 808,4 ± 23,4 3,3 ± 0,1 205,5 ± 5,7 
B104xF7 831,1 ± 22,6 3,4 ± 0,1 207,3 ± 3,4 
F7 790,9 ± 12,6 3,1 ± 0,0 230,1 ± 8,8 
B104xH99 682,4 ± 14,1 3,0 ± 0,1 185,9 ± 5,0 
H99 672,0 ± 10,0 2,7 ± 0,0 218,1 ± 7,0 
B104xMo17 757,9 ± 14,5 3,4 ± 0,1 203,4 ± 4,3 
Mo17 719,5 ± 18,8 3,0 ± 0,1 228,7 ± 4,9 
B104xW153R 703,8 ± 14,1 3,0 ± 0,1 180,9 ± 4,0 
W153R 629,0 ± 29,7 2,4 ± 0,1 212,8 ± 3,3 
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Table S3.4 Heterotic effect on the growth mechanisms. Comparison for final leaf length (FLL), leaf elongation duration (LED) and leaf elongation rate (LER) of the fourth leaf 
between the hybrids and parental lines under well-watered and mild drought conditions (n=3-7). The hybrid performance relative to the mid-parent (MPH) and the best-
parent (BPH) is given. For the bold and underlined values hybrid performance was lower than the parental values, thus the hybrid performance was compared to the lowest 
scoring parent. (** p-value < 0.01, * p-value < 0.05) 
 
Well-watered 
conditions 
FLL LER LED 
%MPH %BPH %MPH %BPH %MPH %BPH 
B104 x CML91 3,9 -14,6 12,5** -2,0 -7,0** -17,2 
B104 x F7 25,7** 5,2* 30,8** 20,7** 2,1 -8,0 
B104 x H99 17,1** 11,6* 20,9** 20,3** -0,4 -6,2 
B104 x Mo17 0,7 -11,1 3,8 -4,9 -5,7 -11,0 
B104xW153R 8,2* -3,0 28,8** 23,0** -15,8** -27,5 
Mild drought conditions 
FLL LER LED 
%MPH %BPH %MPH %BPH %MPH %BPH 
B104 x CML91 7,4 -3,9 7,3 0,9 7,1* -3,0 
B104 x F7 26,9** 11,7 28,2** 12,4 13,7* 11,2 
B104 x H99 19,7* 12,6* 36,4** 32,7** -3,1 -12,2 
B104 x Mo17 8,7 3,6 -1,5 -10,4 12,6 8,8 
B104xW153R 20,0** 13,0 38,3** 30,6** 1,5 -9,3 
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Table S3.5 Summary GA2OX-PLA1 overexpressing hybrid experiments. The segregating GA2OX-PLA1 line was crossed with five inbred lines (CML91, F7, H99, Mo17 and 
W153R) generating non-transgenic (NT) and transgenic (T) hybrid plants. The average performance (±SE) of the hybrid lines and parental lines were evaluated for the traits: 
final leaf length (FLL), leaf elongation rate (LER), leaf elongation duration (LED), leaf width and leaf area. 
  area (cm
2
)  width (cm) 
  B104xCML91 B104xF7 B104xH99 B104xMo17 B104xW153R B104xCML91 B104xF7 B104xH99 B104xMo17 B104xW153R 
PLA1_NT 77,9 ± 1,6 62,4 ± 1,5 63,2 ± 1,2 61,5 ± 1,9 70,1 ± 1,3 2,0 ± 0,1 2,2 ± 0,0 1,9 ± 0,1 2,0 ± 0,1 1,9 ± 0,0 
PLA1_NT x inbred 135,7 ± 8,7 126,5 ± 2,3 90,8 ± 5,0 77,9 ± 3,0 104,4 ± 1,6 2,7 ± 0,1 3,0 ± 0,0 2,5 ± 0,1 2,4 ± 0,1 2,5 ± 0,1 
inbred 109,1 ± 2,1 80,9 ± 4,4 75,0 ± 2,2 91,8 ± 2,3 84,9 ± 6,7 2,5 ± 0,1 2,4 ± 0,1 2,4 ± 0,0 2,7 ± 0,0 1,9 ± 0,1 
PLA1_T x inbred 168,3 ± 3,4 163,7 ± 4,4 121,1 ± 4,1 93,9 ± 2,9 155,2 ± 1,8 2,9 ± 0,1 3,5 ± 0,0 2,8 ± 0,1 2,6 ± 0,0 2,8 ± 0,1 
PLA1_T 108,9 ± 3,6 88,7 ± 5,7 90,0 ± 2,7 80,0 ± 3,2 98,1 ± 2,5 2,4 ± 0,1 2,6 ± 0,1 2,2 ± 0,1 2,4 ± 0,0 2,2 ± 0,0 
 
  FLL (mm) LER (mm/h) 
  CML91 F7 H99 Mo17 W153R CML91 F7 H99 Mo17 W153R 
PLA1_NT 620,8 ± 20,1 548,6 ± 7,4 640,4 ± 4,6 595,1 ± 11,3 656,0 ± 7,5 2,8 ± 0,0 1,8 ± 0,0 2,7 ± 0,0 2,5 ± 0,1 2,6 ± 0,0 
PLA1_NT x inbred 875,4 ± 31,7 795,7 ± 5,7 729,3 ± 22,4 626,1 ± 13,2 721,0 ± 11,1 3,7 ± 0,2 2,5 ± 0,0 3,0 ± 0,1 2,7 ± 0,1 3,0 ± 0,1 
inbred 796,1 ± 17,1 691,1 ± 17,6 643,8 ± 8,6 643,5 ± 18,8 714,4 ± 32,4 3,0 ± 0,1 2,0 ± 0,1 2,5 ± 0,0 2,6 ± 0,1 2,4 ± 0,1 
PLA1_T x inbred 987,0 ± 13,5 874,4 ± 15,0 821,3 ± 11,4 704,0 ± 14,3 811,0 ± 9,4 4,1 ± 0,1 2,6 ± 0,0 3,3 ± 0,1 2,9 ± 0,1 3,3 ± 0,1 
PLA1_T 726,6 ± 19,6 660,1 ± 8,3 768,3 ± 13,9 659,4 ± 13,3 763,2 ± 10,1 2,7 ± 0,1 1,9 ± 0,0 3,0 ± 0,1 2,7 ± 0,0 2,7 ± 0,1 
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  LED (h) 
  B104xCML91 B104xF7 B104xH99 B104xMo17 B104xW153R 
PLA1_NT 241,4 ± 2,8 261,7 ± 2,3 241,5 ± 7,3 223,4 ± 6,3 285,4 ± 5,5 
PLA1_NT x inbred 259,6 ± 4,9 302,7 ± 3,3 247,8 ± 8,5 218,6 ± 3,7 288,5 ± 4,6 
inbred 287,7 ± 2,6 302,9 ± 3,6 262,4 ± 4,4 245,8 ± 6,2 315,7 ± 10,4 
PLA1_T x inbred 267,3 ± 5,1 337,6 ± 3,7 258,9 ± 4,3 236,8 ± 3,7 312,8 ± 2,8 
PLA1_T 270,0 ± 5,8 306,9 ± 3,8 268,5 ± 5,8 240,1 ± 3,6 323,8 ± 6,8 
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Abstract 
Heterosis, the superior performance of F1 hybrids compared to their inbred parental lines, has been 
exploited by agriculture during the last century. However, the cellular and molecular basis of 
heterosis remains largely unknown. Our findings suggest that leaf growth heterosis in B104xMo17 
results from the combined effect on the cellular processes of cell cycle duration and the number of 
dividing cells. Gibberellins have been suggested to play a role in heterotic response, despite bioactive 
gibberellins not being the major underlying basis for heterosis response. Here, we examined the 
effect of overexpressing GA20-oxidase, a biosynthesis gene of gibberellin, on leaf growth heterosis in 
five hybrid lines. The increased division zone size due to GA20-oxidase overexpression was 
complementary to the mechanisms driving heterotic growth, enhancing the heterotic response for 
leaf elongation rate and final leaf length. Contrary to the phenotypic data, transcriptome analysis of 
B104xMo17 revealed few genes were expressed outside the parental range. Gene ontology (GO) 
enrichment of dominant high parent expressed genes, identified GO terms including protein folding 
and translation, implying a role for protein metabolism in leaf growth heterosis. GA20-oxidase 
overexpression in B104xMo17 affected gene expression of several hormone and cell proliferation 
related genes, potentially responsible for enhancing hybrid growth. 
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Introduction 
Hybrids were introduced in agriculture at the start of the previous century and continue to make a 
significant contribution to crop yield (Duvick, 2001). Hybrid vigor or heterosis is the superior 
phenotypic performance of a hybrid over its parental lines with respect to various traits including leaf 
length, plant height, biomass yield, grain yield and stress resistance (Flint-Garcia et al., 2009). 
Heterosis can be classified based on the F1 hybrid performance as additive, if comparable to the mid-
parent value, or non-additive. The non-additive phenotypes can be further classified as dominant or 
overdominant, similar as the best-parent or outside the parental range, respectively. The degree of 
heterosis can be expressed as the hybrid performance relative to the mid-parent (mid-parent 
heterosis) or the best parent (best parent heterosis), for dominant and overdominant phenotypes 
respectively. Despite the pivotal role of yield heterosis for agriculture and numerous phenotypic 
observations, our knowledge of molecular mechanisms contributing to yield heterosis remains 
limited. Several transcriptome studies showed mainly additive gene expression (Meyer et al., 2007; 
Paschold et al., 2012; Song et al., 2016) while other studies predominantly showed non-additive gene 
expression (Ding et al., 2014; Li et al., 2015; Wang et al., 2016). A study on various hybrids and tissues 
failed to identify a consensus gene set in relation to heterosis (Guo et al., 2006; Użarowska et al., 
2007). Interestingly, differential expressed (DE) genes involved in heterosis are likewise not associated 
with a specific pathway, but are involved in multiple pathways and functions (Hochholdinger and 
Hoecker, 2007). 
Phenotypically, heterosis levels are highest in multiplicative traits as grain yield and biomass and are 
hypothesized to combine the variation from several other (sub-)traits as plant height and stem width 
(Flint-Garcia et al., 2009). For leaf growth this is exemplified by the observation that heterosis in sub-
traits such as leaf length and leaf width contribute to higher heterosis levels in the traits at the whole 
organ level such as leaf area (Feys et al., in preparation; Tollenaar et al., 2004). For some phenotypes, 
one sub-trait contributes more than the other one to heterosis, as was observed for leaf length 
heterosis which could be mainly attributed to leaf elongation rate and to a lesser extend to leaf 
elongation duration (Feys et al., in preparation). The growth processes leaf elongation rate (LER) and 
leaf elongation duration (LED) were shown to both contribute to leaf length, but no correlation could 
be observed between the two processes in a set of recombinant inbred lines (Baute et al., 2016; 
Baute et al., 2015). The identification of key molecular players driving LER (overexpression of GA20-
OXIDASE or GA20-OX; Nelissen et al., 2012) and LED (mild overexpression of PLASTOCHRON1 or PLA1; 
Sun et al., submitted) and the additive phenotype of the combination of both transgenes confirmed 
that the two processes can be decoupled. PLA1 overexpression increased leaf length in inbred and 
hybrid background by prolonging the leaf elongation duration (LED) (Sun et al., submitted). However, 
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the addition of the PLA1 transgene did not result in an increased level of heterosis for LED, indicating 
that heterosis can not merely be achieved by single gene contribution to sub-traits (Feys et al., in 
preparation). 
GA20-OX overexpressing plants (UBIL-AtGA20OX) have a larger final leaf length (FLL) caused by a 
higher LER by shifting the transition between cell division and cell expansion more distally and thus 
increasing the number of dividing cells (Nelissen et al., 2012). Gibberellin (GA) was also hypothesized 
to play a crucial role in heterosis in maize as was shown by the higher concentrations of GA1, a 
bioactive GA, and GA19, the precursor of GA1, in twelve hybrids relative to their parental lines (Rood 
et al., 1988). Additionally, the application of exogenous GA3 resulted in a higher acceleration of shoot 
growth in inbred lines relative to their hybrids (Rood et al., 1988), indicating that GA is a rate-limiting 
factor for inbreds in comparison to the hybrids. However, hybrids with reduced capacity to produce 
GA due to the introduction of a d1 (dwarf1) mutation still displayed heterosis for growth related 
traits, such as plant height, leaf length and ear length, compared to the inbred lines containing this d1 
mutation (Auger et al., 2005a), suggesting that GA is likely a target of the heterotic response, but that 
GA levels alone are not sufficient to control heterotic response. Additionally, GA biosynthetic genes 
(ZmGA20-OX, ZmGA3-OX) displayed overdominant gene expression in the ear leaf of the hybrid 
B73xMo17 (Song et al., 2016). In Arabidopsis thaliana, it was observed that GA20-OX overexpression 
in distinct genetic backgrounds had different effect on growth at both the organ and cellular level, 
showing the importance of the existing growth regulatory network in the genotypes (Nam et al., 
submitted). So, a better understanding of the relation between GA phenotypes and leaf growth 
heterosis can provide useful insights into heterotic growth and regulation.  
In this study, we determined the expressivity of GA20OX overexpression phenotype in five hybrid 
maize lines and its influence on leaf growth heterosis. The GA20-OX ectopic expression affected leaf 
growth and heterosis positively in all investigated hybrids. A detailed cellular analysis of the inbred 
lines B104, Mo17 and GA20-OX revealed that B104 and GA20-OX had a faster cell division rate then 
Mo17, while Mo17 and GA20-OX had a larger number of dividing cells relative to B104. In the 
B104xMo17 hybrid an additive effect on number of dividing cells and a dominant effect on cell cycle 
rate resulted in an overdominant effect on cell production and leaf length. GA20-OX overexpression 
in the B104xMo17 hybrid, caused an overdominant effect on number of dividing cells in addition to 
the dominant effect on cell division rate, boosting growth and heterosis. A transcriptome analysis 
sheds more light on possible candidate genes involved in growth promotion by heterosis, like the 
downregulation of TCP transcription factors and upregulation of the M-Phase specific cell cycle gene, 
CDKB2;1. For the dominant-high parent expressed genes the biological processes protein folding, 
defense response and translation were indicated as important processes correlated with heterosis. 
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GA20-OX ectopic expression contributed to heterosis by affecting gene expression of several 
hormone and proliferation related genes. 
 
Materials and methods 
Plant material and growth conditions 
Pollen of the inbred lines CML91, F7, H99, Mo17 and W153R were used to produce hybrids with 
homozygous UBIL-AtGA20-OX plants and the wild types that originate from selfing a transgenic and 
non-transgenic sibling from the hemizygote segregating UBIL-AtGA20-OX line (Nelissen et al., 2012), 
respectively. The homozygous and wild-type UBIL-GA20-OX plants were used as parental lines.  
Growth chambers have a controlled relative humidity (55%), temperature (24°C), and light intensity 
(170 mmol m-2 s-1 photosynthetically active radiation at plant level) in a 16-h/8-h day/night rhythm 
provided by a combination of high-pressure sodium vapour (RNP-T/LR/400W/S/230/E40; Radium) 
and metal halide lamps with quartz burners (HRI-BT/400W/D230/E40; Radium).  
 
Phenotypic analysis 
Phenotyping of the fourth leaf was done by measuring leaf length on a daily basis (n =4-11). Division 
zone measurements and kinematic analysis (n=3-4) were performed as previously described (Rymen 
et al., 2010). The leaf elongation rate (LER) was the average rate of leaf elongation the first five days 
after leaf appearance and leaf elongation duration (LED) was the period in hours  from 100 mm till 
the end of growth (Voorend et al., 2014).  
 
Estimation of heterosis 
The hybrid phenotypes were classified with the following criteria: (i) ‘Additive’ when the phenotypic 
performance in the hybrid is not significantly different from the mid-parent value; (ii) ‘Dominant’ 
when phenotypic performance in the hybrid is significantly higher from the mid-parent but not 
outside the parental range; (iii) ‘Overdominant’ when phenotypic performance in the hybrid is 
significantly higher than that in both parental inbred lines. Statistical analysis of the phenotypic data 
was performed by fitting a general linear model to the data using the proc glm procedure in SAS 
(Version 9.4 of the SAS System for windows 7 64bit. Copyright © 2002-2012 SAS Institute Inc. Cary, 
NC, USA, www.sas.com) and performing Wald statistics at the 5% significance level. Mid-parent 
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heterosis (MPH) values were calculated using the formula MPH = [(F1-MP)/MP]*100, where F1 = F1 
hybrid value and MP = mid-parent value [(P1+P2)/2]. To test for significance of MPH values the 
contrast F1 – MP was used. Best-parent heterosis (BPH) values were calculated using the formula BPH 
= [(F1–BP)/(BP)]*100, where BP = best parent value (P1 or P2). To test for significance of BPH values 
the contrast F1 – BP was used. 
 
RNA sequencing  
The most basal 0.5 cm of the fourth leaf was harvested two days after leaf appearance in three 
biological repeats, each containing material of five plants. Total RNA was isolated with the 
guanidinium thiocyanate-phenol-chloroform extraction method using TRI-reagent (Sigma-Aldrich). 
RNA concentration and purity were determined spectrophotometrically using the Nanodrop ND-1000 
(Nanodrop Technologies) and RNA integrity was assessed using a Bioanalyser 2100 (Agilent). 
Per sample, 500 ng of total RNA was used as input. Using the Illumina TruSeq® Stranded mRNA 
Sample Prep Kit (protocol 15031047 Rev E October 2013) poly-A containing mRNA molecules were 
purified from the total RNA input using poly-T oligo-attached magnetic beads. In a reverse 
transcription reaction using random primers, RNA was converted into first strand cDNA and 
subsequently converted into double-stranded cDNA in a second strand cDNA synthesis reaction. The 
cDNA fragments were extended with a single ‘A’ base to the 3’ ends of the blunt-ended cDNA 
fragments after which multiple indexing adapters were ligated introducing different barcodes for 
each sample. Finally, enrichment PCR was carried out to enrich those DNA fragments that have 
adapter molecules on both ends and to amplify the amount of DNA in the library. For the sequence 
run, libraries were equimolarly pooled and sequenced using a high 300 cycles (PE- 2 x 150 bp) 
NextSeq kit on an Illumina NextSeq 500 instrument. 
 
Read-mapping  
The quality of the raw data was verified with FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, version 0.9.1). Next, quality filtering 
was performed using the trimmomatic: reads were globally filtered using a sliding window of 4 nt and 
a threshold of Q10, ensuring a minimum length of 20 nt remaining. Reads were subsequently 
mapped to v3 of the maize B73 reference genome (http://ftp.maizesequence.org/B73_RefGen_v3/) 
using GSNAP v2013-06-27 (Wu and Nacu, 2010). The concordantly paired reads that uniquely map to 
the genome were used for quantification on the gene level with htseq-count from the HTSeq.py 
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python package (Anders et al., 2014). 
 
Differential expression analysis 
Genes were considered differentially expressed when they had a log2 (fold change) ≥1 and an false 
discovery rate value <0.05. The expression patterns were defined with the following criteria: (i) 
‘Additive’ is when expression in the hybrid is not significantly different from the mid-parent value; (ii) 
‘Dominant –high parent’ is when expression in the hybrid is significantly different from the mid-
parent but equal to that in the high expression parent; (iii) ‘Dominant-low parent’ is when expression 
in the hybrid is significantly different from the mid-parent but equal to that in the low expression 
parent; (iv) ‘Overdominant’ is when expression in the hybrid is significantly higher than that in both 
parental inbred lines; (v) ‘Underdominant’ is when expression in the hybrid is significantly lower than 
in both parents. 
The analysis was performed with the R software package edgeR (Robinson et al., 2010), R core team 
(2014), R version 3.1.2). Only genes with an expression value higher than 1 cpm (counts per million, 
corresponding to 5 read counts) in at least 3 samples were retained for the analysis (20806 genes 
were kept out of 39323). TMM normalization (Robinson and Oshlack, 2010) was applied using the 
calcNormFactors function. Variability in the dataset was assessed with an MDSplot. Trended negative 
binomial dispersion parameters were estimated using the estimateGLMTrendedDisp function with 
the default Cox-Reid method based on a no intercept one factorial model, and a batch effect, 
followed by the estimation of the empirical bayes dispersion for each transcript. A negative binomial 
regression model was then used to model the overdispersed counts for each gene separately with 
fixed values for the dispersion parameter as outlined (McCarthy et al., 2012) and as implemented in 
the function glmFit using the above described model. 
To gain a better understanding of the biological processes that differ in the inbred lines gene 
enrichment of the gene ontology (GO) category biological process was analyzed (Proost et al., 2015).  
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Results 
Altered GA20-OX expression in hybrids enhances the heterotic effect on final leaf 
length, leaf elongation rate and division zone size  
 
Fig. 4.1 Overview hybrid lines. The B104 inbred line and homozygous GA20-OX line, UBIL-AtGA20OX construct 
in B104 genetic background, are crossed with five different inbred lines (CML91, F7, H99, Mo17 and W153R) to 
generate non-transgenic B104 hybrids and transgenic GA20-OX hybrids, which are hemizygous for the UBIL-
AtGA20OX construct. The B104 line originated from selfing a non-transgenic sibling of the GA20-OX line. 
 
Leaf elongation rate (LER) was identified as the main driver of heterotic growth in five B104 hybrids 
(Feys et al., in preparation). To evaluate if additional stimulation of LER could further improve the 
hybrid growth, the GA20-OX transgene was introduced in the five different hybrid backgrounds and 
evaluated for the growth of the 4th leaf in the growth chamber (Fig. 4.1, Table S4.1). The five hybrids 
were generated by crossing the UBIL-GA20-OX transgenic line (in B104 temperate Stiff Stalk 
background) with five inbreds from different heterotic groups: CML91 and F7 (mixed lines) and H99, 
Mo17 and W153R (temperate non-Stiff Stalk lines) (Liu et al., 2003).  
 
Table 4.1 The effect of ectopic expression of GA20-OX on the growth mechanisms in hybrid backgrounds. 
Percentage difference of the transgenic hybrids relative to the non-transgenic hybrids for final leaf length (FLL), 
size of the division zone (DZ), leaf elongation rate (LER) and leaf elongation duration (LED) of the fourth leaf 
(two-tailed Student’s t-test ** p-value <0.01).  
Effect GA20-OX 
overexpression 
B104xCML91 B104xF7 B104xH99 B104xMo17  B104xW153R 
FLL 38,6** 28,6** 47,9** 42,8** 31,4** 
DZ 39,0** 20,1** 21,5** 38,1** 21,7** 
LER 48,8** 43,4** 55,5** 31,8** 36,5** 
LED -2,0 -4,6 14,8** 18,4** 6,2** 
x 
B104 
CML91 
F7 
H99 
Mo17 
W153R 
Non-transgenic B104 hybrid 
Transgenic GA20-OX hybrid GA20-OX 
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The transgenic expression of GA20-OX in all hybrids causes a significant increase in FLL (29-48%), LER 
(32-56%) and division zone (DZ) size (20-39%) compared to their non-transgenic hybrids (Table 4.1). 
LED had a significant increase (6-18%) in the hybrid backgrounds B104xH99, B104xMo17 and 
B104xW153R but not in B104xCML91 and B104xF7 hybrids. These findings are in line with the 
observations of GA20-OX overexpression in B104, increasing leaf length by a higher LER, caused by a 
larger DZ size, and to smaller extent to a longer leaf elongation duration (Nelissen et al., 2012; 
Voorend et al., 2014).  
 
   
 
Fig. 4.2 Leaf length, leaf elongation rate, leaf elongation duration and division zone size in GA20-OX 
overexpressing hybrids. Final leaf length (FLL), leaf elongation rate (LER), leaf elongation duration (LED) and 
division zone (DZ) size of the non-transgenic B104 hybrid and transgenic GA20-OX hybrid and parental lines 
under controlled conditions. Error bars represent SE (n=3-11). The hybrid perfomance was compared relative to 
the best performing parent (best parent heterosis/overdominance) (two-tailed Student’s t-test ** p-value 
<0.01; * p-value< 0.05). 
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To examine if GA20-OX overexpression had an effect on leaf growth heterosis, the heterotic 
responses in the non-transgenic B104 and transgenic GA20-OX hybrids were analyzed (Table S4.2). 
For FLL, LER and DZ size all GA20-OX hybrids showed overdominance, except LER for the GA20-
OXxW153R hybrid (Fig. 4.2). The heterotic effect of the B104 hybrids (additive or dominance) was 
enhanced in the GA20-OX hybrids (overdominance) unless, the B104 hybrid already displayed 
overdominance making it difficult to assess an increase in heterotic response. For LED, no 
overdominance was observed in either the B104 or GA20-OX hybrids (Fig. 4.2C). In conclusion, the 
presence of GA20-OX stimulated the clear heterotic response for FLL, LER and DZ size.  
 
Cellular analysis revealed three processes promoting LER in GA20-OX x Mo17 
hybrids 
To study the cellular mechanisms underlying leaf growth heterosis and the enhanced heterotic effect 
caused by ectopic expression of GA20-OX, we selected the B104xMo17 hybrid that already in absence 
of the transgene showed overdominance for FLL and LER. The kinematic parameters were 
determined by monitoring LER in combination with DZ size and the cellular profile along the leaf axis 
during steady state growth (Table 4.2; Table S4.3).  
Final leaf length is the result of both cell division and cell expansion, reflected by the cell production 
and mature cell length, respectively. GA20-OX overexpression in B104 resulted in an increased FLL 
(58,3%) and LER (56,3%) compared to B104 resulting from slightly larger mature cells (3,7%) and a 
major increase in cell production (50,8%). The significantly higher DZ zone size (36,8%) means that 
transition from cell division to cell expansion is positioned more distally resulting in a larger number 
of dividing cells (43,8%) producing more cells (Table S4.3), confirming previously described data 
(Nelissen et al., 2012).  
The inbred lines B104 and Mo17 had no significantly different FLL and LER, but Mo17 had significantly 
larger mature cells (7,1%) and a lower cell production (-14,3%) than B104. Remarkably, Mo17 had a 
significantly larger division zone size (43,6%) but a lower cell division rate (-40,4%) compared to B104. 
This means that B104 had less dividing cells (-30,5%) but that these cells were dividing faster (cell 
cycle duration: -40,4%, 28,0 ± 1,7 h versus 46,9 ± 3,1 h) leading to a comparable LER and FLL for Mo17 
and B104 (Table S4.3). Thus, the number of dividing cells and the cell division rate both contribute to 
cell production and B104 and Mo17 each stimulate one of the processes resulting in comparable final 
leaf size. 
The lines Mo17 and GA20-OX (B104 background) had a comparable division zone size. However, 
GA20-OX kept the fast cell division rate (69,2%) from the B104 background resulting in a higher LER 
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(70,3%) and FLL (60,0%) compared to Mo17. In conclusion, the DZ size was stimulated in Mo17 and 
GA20-OX and a fast cell cycle rate mainly contributed to growth in B104 and GA20-OX.  
 
Table 4.2 Comparison of growth of the 4
th
 leaf of between B104, GA20-OX and Mo17. Comparison for leaf 
elongation rate (LER), division zone size (DZ), cell production (cells produced per cell file per hour), cell division 
rate (number of cells produced by a meristematic cell per hour), cell cycle duration and mature cell size during 
steady-state growth (first days after leaf appearance) and final leaf length (FLL) between the transgenic UBIL-
GA20-OX overexpressing line, B104 and Mo17 (two-tailed Student’s t-test ** p-value <0.01; * p-value< 0.05). 
  GA20-OX vs B104 Mo17 vs B104 GA20-OX vs Mo17 
FLL  58,3** -1,1 60,0** 
LER  56,3** -8,2 70,3** 
DZ size  36,8** 43,6** -4,7 
Cell production  50,8** -14,3** 76,0** 
Cell division rate  0,9 -40,4** 69,2** 
Cell cycle duration  -1,5 67,9* -41,4* 
Mature cell size  3,7* 7,1** -3,2* 
 
Next, the processes contributing to heterotic growth in B104xMo17 were evaluated. The B104xMo17 
hybrid had a overdominant phenotype for FLL (28% Best-parent heterosis/BPH), as a result of an 
enhanced LER (38% BPH) and cell production (32% BPH) (Fig. 4.3A-B). No significant change in mature 
cell size was detected (Table 4.3), indicating the observed increase in growth was a result of more 
cells (cell division) and not larger cells (cell elongation). The DZ size was not significantly different 
from the mid-parent value and displayed an additive phenotype (Fig. 4.3D), while the cell division 
rate displayed a dominant phenotype in B104xMo17 (25% Mid-parent heterosis/MPH). The cell cycle 
duration of B104xMo17 (27.8 h) was similar to B104 (28.0 h), and faster compared to Mo17 (46.9 h). 
So, combining an additive effect on DZ size and a dominant effect on cell division rate contributed to 
the overdominant effects on cell production, LER and FLL in the B104xMo17 hybrid.  
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Figure 4.3 Kinematic analysis of GA20-OX x Mo17 and B104 x Mo17. Cell production, leaf elongation rate 
(LER), division zone size (DZ) and cell cycle duration for the transgenic UBIL-GA20-OX overexpressing hybrid and 
the non-transgenic B104xMo17 hybrid and their parental lines. Error bars represent SE (n=3-7). The hybrid 
perfomance was compared relative to the best performing parent (best-parent heterosis/overdominance) (two-
tailed Student’s t-test ** p-value <0.01; * p-value< 0.05). 
 
Overexpression of GA20-OX in a B104xMo17 hybrid background resulted in an overdominant effect 
for leaf length, LER and cell production as in the non-transgenic hybrid (Table 4.3). Opposite to what 
was observed for the non-transgenic B104xMo17 hybrid, the DZ size showed significant 
overdominance, whereas a dominant phenotype was observed for cell cycle duration. This additional 
heterotic effect of the DZ size in the transgenic hybrid compared to the non-transgenic hybrid, 
resulted in an increase in LER, cell production, DZ size and final leaf length due to the presence of the 
transgene (Table 4.3). 
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Table 4.3 Heterotic effects on cellular traits of the 4
th
 leaf in GA20-OXxMo17and B104xMo17 hybrid. 
Comparison of hybrid performance relative to the mid-parent (MPH) and the best-parent (BPH) for the cellular 
parameters in transgenic (T) and non-transgenic (NT) hybrids. The underlined values compared hybrid 
performance with the lowest scoring parent. The percentage increase of the transgenic hybrid GA20-OX x Mo17 
relative to the non-transgenic hybrid was indicated (two-tailed Student’s t-test ** p-value <0.01; * p-value< 
0.05). 
Heterotic effect 
B104xMo17 
(NT_hybrid) 
GA20-OXxMo17 
(T_hybrid) 
T_hybrid vs 
NT_hybrid 
%MPH %BPH %MPH %BPH %difference 
Final leaf length  31,2** 28,4* 46,2** 21,5** 42,8** 
Leaf elongation rate  43,9** 38,0** 46,5** 16,3* 31,8** 
Division zone size  5,4 -10,6 25,6** 22,7** 37,2** 
Cell production  42,1** 31,9** 53,1** 20,0** 37,2* 
Cell division rate  25,2* -0,04 27,9** 1,7 2,7 
Cell cycle duration  -25,7** -0,5 -26,4** -0,4 -1,4 
Mature cell size  1,0 -2,4 -4,2 -5,7 -3,4 
 
 
Transcriptome analysis indicated protein metabolism to be involved in leaf growth 
heterosis  
Similar growth phenotypes (FLL, LED, LER and DZ size) were obtained from the plants grown for the 
RNA-sequencing experiment and the preceding kinematic experiment, with GA20-OX overexpression 
enhancing the heterotic effect (Fig. S4.1, Table S4.1). Considering that cell division rate and division 
zone size had the greatest influence on hybrid growth, the basal half centimeter of the growing leaf, 
exclusively consisting of dividing cells, of the hybrids B104xMo17 and GA20-OXxMo17 and their 
parental lines was profiled by RNA sequencing to explore the molecular basis of the observed cellular 
and kinematic traits involved in leaf growth heterosis (Fig. 4.4). The RNA sequencing reads were 
mapped again the maize B73 reference (version 3) and a total of 20806 expressed genes were 
detected among our samples (Dataset S4.1). Pairwise comparisons (fold change > 2; false discovery 
rate <0.05) between the samples were performed to identify differential expressed genes (DEGs). 
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Figure 4.4 Set-up RNA-sequencing experiment. The transcriptome of dividing tissue from the growing leaf of 
the inbred lines B104, Mo17 and GA20-OX and their hybrid B104xMo17 and GA20-OXxMo17 were compared. 
Pairwise comparisons were conducted between the genotypes and the estimated total number of differentially 
expressed genes (False discovery rate 5%, Fold change >2) are shown. 
 
Among the parental inbred lines B104 and Mo17 1365 DEGs were detected, representing 6.6% of the 
expressed genes. Of these DEGs, 343 were highest expressed in B104, which showed gene ontology 
(GO) enrichment for the biological processes including cellular response to gibberellin stimulus, 
regulation of cellular macromolecule biosynthetic process and cellular response to abiotic stimulus 
(Dataset S4.2). The 1022 genes significantly higher expressed in Mo17 compared to B104 showed GO 
enrichment for biological processes such as small molecule biosynthetic process, response to 
herbivore, floral meristem determinacy, bract development, response to jasmonic acid and 
photosynthesis/light harvesting (Dataset S4.3). Despite the sampling of tissues where the phenotypes 
of cell division rate and number of dividing cells were determined, no enriched GO categories linked 
to the cell cycle were identified in the differential expressed genes between the parental lines. 
However of the DEGs between B104 and Mo17, 8 genes are related to the cell cycle (cyclin A, D- type 
cyclins, cyclin dependent kinase B2;1 (CDKB2;1), CDK inhibitor 1, E2F transcription factor-like and 
anaphase promoting complex subunit 10) (Table 4.4). Possibly the observed differences in the cell 
cycle related processes between B104 and Mo17 are largely due to post-translational differences. 
 
 
 
x x 
B104 Mo17 
GA20-OX 
B104xMo17 GA20-OXxMo17 
  
 
1365 
1366 
85 
35 
1338 
1487 95 
519 
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Table 4.4 Cell cycle genes differential expressed in the dataset. Cell cycle genes identified through gene 
orthology in PLAZA (Proost et al., 2015) that are significantly (P-value <0.05) differential expressed within the 
dataset. The highest expressed parent B104 or Mo17 was indicated and the expression pattern in the non-
transgenic (NT) B104xMo17 and transgenic (T) GA20-OXxMo17 hybrid was additive (ADD, not significantly 
different from the mid-parent value) or dominant-high (DOMhigh, significantly higher from the mid-parent 
value, but not significantly different from the highest parent). 
Gene description_PLAZA Transcript_ID 
B104-
Mo17 NT hybrid T hybrid 
Cyclin-A1 GRMZM2G387227_T01 Mo17 DOMhigh DOMhigh 
Cyclin-D4-1 GRMZM2G088980_T01 B104 ADD \ 
D-type cyclin ,Cyclin-D5-3 GRMZM2G006721_T02 B104 ADD ADD 
D-type cyclin Fragment ,Cyclin-D4-1 GRMZM2G178229_T01 B104 ADD \ 
Cyclin-dependent kinase B2-1 GRMZM2G070115_T01 Mo17 DOMhigh DOMhigh 
Cyclin-dependent kinase inhibitor 1 GRMZM2G343769_T01 B104 ADD \ 
E2F transcription factor-like GRMZM2G148506_T02 Mo17 DOMhigh DOMhigh 
Anaphase promoting complex 10 GRMZM2G174971_T01 Mo17 ADD \ 
 
Hybrid gene expression in relation to heterosis was assessed using the DEGs between the inbred 
parents and the F1 hybrid, which were 1671 DEGs in case of the B104 x Mo17 hybrid. Among those 
genes, the number of DEGs between the F1 hybrid and Mo17 parent was limited (35 DEGs), 
suggesting Mo17 and the F1 hybrids had in general a comparable gene expression (Fig. 4.4). This was 
supported by the principal component analysis (PCA) plot showing a clustering of the Mo17 and 
hybrid samples, while the B104 and GA20-OX samples cluster separately (Fig. S4.2). However, we 
cannot exclude that a mapping problem for transcripts originating from Mo17 and/or B104 affected 
the number of detected DEGs. Currently, RNA sequencing analysis has the limitation that only the 
B73 genome is available, this can potentially cause read-mapping problems if a transcript has 
multiple single nucleotide polymorphisms (SNPs) compared to B73.  
In the B104 x Mo17 hybrid 65,5% (1128 of 1671) of the DEGs exhibited an expression pattern that 
was additive, statistically indistinguishable from the mid-parent value (MP) (Table 4.5). The non-
additive expression patterns could be classified in four categories: (i) Dominant-high parent, 
exceeding MP but not significantly different from the highest parent; (ii) Dominant-low parent, 
significant lower than the MP but not significantly different from the lowest parent; (iii) 
Overdominant, exceeding both parents and (iv) Underdominant, significantly lower than both 
parents. The 543 genes exhibiting non-additive expression represented mainly dominant-high parent 
(493) and fewer dominant-low parent (36), overdominant (12) and underdominant (2) genes (Table 
4.5).  
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Table 4.5 Classification of differential expressed gene in the hybrids B104xMo17 and GA20-OXxMo17. 
Classification of the expression patterns in the non-transgenic (NT) B104xMo17 hybrid and transgenic (T) GA20-
OXxMo17 hybrid compared to the mid-parent and parental values. The overlap represents the number of genes 
that are present in the (sub-) category of both the B104xMo17 and GA20-OXxMo17 hybrids. 
 NT_hybrid T_hybrid Overlap 
Total 1671 1850 1091 
Additive 1128 1259 494 
Non-additive 543 591 381 
 High-parent Dominant 493 477 359 
 Low-parent Dominant 36 85 7 
 Overdominant 12 13 1 
 Underdominant 2 16 0 
 
 
Looking at GO enrichment in the additive genes of the B104xMo17 hybrid revealed enrichment in 
various biological processes previously identified for the DEGs between B104 and Mo17 as cellular 
response to gibberellin stimulus, cellular response to abiotic stimulus, floral meristem determinacy, 
bract development and response to jasmonic acid (Dataset S4.4). The majority of the DEGs identified 
between B104 and Mo17 display additive gene expression (95 % and 53% of the B104 and Mo17 
upregulated genes, respectively). Most non-additive DEGs belong to the category dominant-high 
parent and 95% (471 of the 493 DEGs) of these genes were also upregulated in Mo17 relative to 
B104. GO enrichment of the dominant-high parent genes includes GO categories previously identified 
in the Mo17 upregulated genes as response to herbivore, inositol biosynthetic process and floral 
meristem determinacy, but also newly identified GO categories as protein folding and translation 
(Dataset S4.5). For these newly identified GO categories, protein folding and translation, we 
examined the gene lists more closely because these GO categories were previously indicated to be 
related to heterotic response (Li et al., 2015). The GO category ‘protein folding’ contained several 
genes encoding for chaperones DnaJ and homologues, while ‘translation’ included mostly genes 
encoding ribosomal proteins, ‘response to herbivore’ and ‘regulation of defense response to insect’ 
included two lipoxygenase genes and floral meristem determinacy was dependent on genes encoding 
a DROOPING LEAF ortholog and MADS box15 proteins (Dataset S4.5). Three cell cycle genes (Cyclin-
dependent kinase B2-1, Cyclin-A1 and E2F transcription factor-like) showed dominant-high parent 
gene expression (table 4.4).  
The overdominant genes (12 genes) in B104xMo17 included several genes related to plant 
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development and growth, encoding a ribosomal protein (60S ribosomal protein L11), disease 
resistance protein (RPP13-like protein 4), TNF receptor-associated factor homolog, CBL-interacting 
protein kinase homolog involved in stress response, Cytochrome P450 CYP94 homolog (LUTEIN 
DEFICIENT 5) and a repressor of jasmonic acid response (TIFY10A) (Dataset S4.7).  
For the dominant-low parent expressed genes in B104xMo17 (36 DEGs) enriched biological processes 
including response to stimulus, defense response and response to auxin (Dataset S4.6). Interestingly, 
this category includes a TCP transcription factor, homolog to the Arabidopsis TCP5. The Teosinte 
branched1/Cycloidea/Proliferating cell factor (TCP) transcription factor family class II were reported 
to repress cell proliferation (Huang and Irish, 2015). The underdominant category for B104xMo17 
only contained two genes, a glutamine-rich tetratricopeptide repeat-containing protein beta and a 
not annotated gene (Dataset S4.7). 
 
GA20-OXxMo17 had specific non-additive gene expression compared to B104xMo17 
The transcriptome of GA20-OXxMo17 was compared to B104xMo17 to examine the effect of GA20-
OX overexpression in the B104xMo17 hybrid. GA20-OX overexpression in the B104xMo17 hybrid 
caused less transcriptional changes (85 DEGs) than GA20-OX overexpression in the B104 inbred line 
(519 DEGs), which included the GA20OXIDASE2 gene, against which the GA20-OX transgene mapped 
(Dataset S4.1). For the 50 DEGs that were upregulated in the transgenic hybrid relative to the non-
transgenic hybrid the GO categories hormone biosynthetic process and organ morphogenesis were 
enriched (Dataset S4.8). The gene list included several hormone related genes (ethylene responsive 
transcription factors, auxin-responsive protein) and translation related genes (40S ribosomal protein 
S8, elongation factor 1-gamma 2). The down regulated genes (35 DEGs) were only enriched for 
isoprenoid biosynthetic process. Remarkably, the TCP5 transcription factor was upregulated while a 
TCP13 transcription factor, homolog of AtTCP13, was downregulated. 
Examining the gene expression of the GA20-OXxMo17 transgenic hybrid compared to the parental 
lines showed mainly additive gene expression (1259 of the 1850 DEGs), while the majority of non-
additively expressed genes had dominant-high parent expression (477 of 591 DEGs) as was observed 
in the non-transgenic hybrid (Table 5.5). Comparing the DEGs with dominant-high parent expression 
between the non-transgenic and transgenic hybrid revealed a considerable overlap (>70%)(Table 4.5), 
indicating similar regulation of hybrid gene expression in both hybrids.  
To investigate how GA20-OX overexpression contributed to leaf growth heterosis, the dominant-high 
parent genes specific for the transgenic hybrid were investigated. For these 114 DEGs, not dominant-
high or overdominant expressed in the non-transgenic hybrid, the GO categories drug 
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transmembrane transport, glucose metabolic process and cellular response to phosphate starvation 
were enriched (Dataset S4.9). The gene list included genes related to hormones (Gibberellin receptor 
GID1L2, BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1, Ethylene-responsive 
transcription factor), cell proliferation (putative WUSCHEL homeobox transcription factor, 
Proliferation-associated protein 2G4, NAC transcription factor NO APICAL MERISTEM (NAM) 
homolog), stress (Putative disease resistance protein RGA4, blight resistance protein homolog) and 
protein metabolism (40S ribosomal protein S11, heat shock protein, chaperonin, protein DnaJ). 
A TNF receptor-associated factor homolog was the only overdominant gene in both hybrids and can 
be related to plant development and stress response (Bao et al., 2014). The overdominant transgenic 
hybrid specific genes (12 DEGs) included several protein metabolism related genes (Putative E3 
ubiquitin-protein ligase RF4, 40S ribosomal protein S16, elongation factor 1-gamma 2) (Dataset S4.7).  
In the dominant-low parent category only 7 genes were present in the overlap between the hybrids, 
while 78 DEGs were specific for the GA20-OX overexpressing hybrid. The GA20-OX specific dominant-
low genes are enriched for root hair cell development and developmental growth involved in 
morphogenesis (Dataset S4.9). These GO categories contain homologs of two Rop guanine nucleotide 
exchange factor and 3-acetic acid-amido synthetase GH3, which are auxin responsive. The 
underdominant category included only GA20-OX specific genes (16 genes) including genes encoding 
ribosomal proteins (40S ribosomal protein S4, Ribosomal protein S12), a jasmonate-induced protein, 
a auxin-responsive IAA protein and transcription factor TCP13 (Dataset S4.7).  
Thus, GA20-OX overexpression in the hybrid resulted in numerous genes in the non-additive gene 
expression classes that were not recovered for the non-transgenic hybrid B104xMo17. These GA20-
OX specific genes included genes associated with the same processes as for the B104xMo17 for 
example protein metabolism. This could imply that GA20-OX overexpression reinforced the biological 
processes associated with leaf growth heterosis. Additionally, several genes related to hormone 
response and cell proliferation were identified, not associated with leaf growth heterosis in 
B104xMo17.  
 
Discussion 
Protein metabolism is involved in leaf growth heterosis 
Protein metabolism was previously associated with heterotic response in multiple studies. 
Overdominant expressed genes in embryos were reported to be enriched for translation, protein 
metabolic process and protein folding among others (Li et al., 2015). Similarly, DEGs between the 
CHAPTER 4 
129 | P a g e  
 
B73xMo17 hybrid and parental lines in the ear inflorescence showed enrichment for protein 
metabolic process and the ribosome pathway (Ding et al., 2014). A model to explain heterosis 
involves better energy-use efficiency in hybrid compared to inbreds due to differences in protein 
metabolism (Goff, 2011). The presence of two parental alleles would allow allele-specific gene 
expression of the alleles encoding stable proteins. Alternatively, the parental alleles could encode for 
alleles stable under different environmental conditions. According to this model, hybrids need to 
invest less energy in the synthesis and degradation of unstable proteins, conserving more energy for 
growth. In our data, the dominant high parent expressed genes were enriched for protein folding, 
through upregulation of DnaJ chaperones. DnaJ or heat shock protein 40 (HSP40) are co-chaperones 
of HSP70 stimulating ATPase activity (Qiu et al., 2006). Heat shock proteins are important for protein 
translation, folding, unfolding, translocation and degradation and are correlated with plant tolerance 
against environmental stresses (Pegoraro et al., 2011). The upregulation of chaperones in the hybrid 
and Mo17 compared to B104 can contribute to stabilizing proteins and preventing their degradation. 
In line with our findings, a study on the ear leaf showed that higher expressed genes in Mo17 
compared to B73 were enriched for the GO categories protein folding, unfolding protein binding and 
heat shock protein binding (Song et al., 2016). This may imply that Mo17 (and B104xMo17) conserves 
more energy for growth than B104 and B73 due to better protein re-folding.  
The dominant-high parent expressing genes were also enriched for translation, due to high 
expression of genes encoding ribosomal proteins. This finding is in line with the previous reported 
high and above high parent abundance of ribosomal proteins in embryonic roots of young Mo17xB73 
seedlings (Marcon et al., 2013), implying increased protein synthesis rate contributed to heterosis of 
early traits in growing plants. Ribosomes provide the basis for protein production, which is essential 
to sustain cell growth. Mutants for ribosomal proteins affected cell proliferation, causing growth 
defects (Byrne, 2009; Horiguchi et al., 2012). Ribosome protein encoding genes were reported to be 
highly expressed at the base of the maize leaf (Li et al., 2010), which was the zone we sampled. 
Conversely, transcript levels of genes encoding ribosomal proteins were negatively correlated to leaf 
growth, however the 26 genes anti-correlating with leaf traits in both a 2-way and 8-way RIL 
population (Baute et al., 2016; Baute et al., 2015) were not differentially expressed in our dataset. 
Ribosomal composition is dynamic during the leaf development and specific ribosomal composition 
has been proposed to stimulate growth by changing mRNA preference (Schippers and Mueller-
Roeber, 2010). Ribosomal composition could be an interesting mechanism to regulate development 
and leaf growth heterosis at the translational level.  
 
 
CHAPTER 4 
 
130 | P a g e  
 
The cellular basis of leaf growth heterosis 
Both cell number and cell size make a contribution towards heterosis of plant growth depending on 
the tissue and developmental stage investigated. Heterosis for germination rate and early root length 
could be mainly attributed to elongation of the cortical parenchyma cells (Hoecker et al., 2006; Li et 
al., 2016). Leaf epidermis cells showed overdominance for cell production and no heterotic effect on 
mature cell size in the B104xMo17 hybrid underlying the importance of cell number in leaf size 
heterosis. A previous study also showed that leaf size heterosis at the cellular level is mainly the 
consequence of an increased cell number and not by a larger cell size in maize (Pavlikova and Rood, 
1987).  
Increasing the epidermis cell number, can be a consequence of a larger division zone size, as was 
demonstrated by the UBIL-GA20-OX overexpressing plants (Nelissen et al., 2012). In two RIL 
populations, DZ size was correlated to FLL (Baute et al., 2016; Baute et al., 2015), but a larger leaf 
length is not always the consequence of a larger DZ size as was demonstrated by the inbred lines B73 
and H99 that had a similar DZ size but significantly different LER and final leaf length (Baute et al., 
2015). Thus, DZ size is not sufficient to explain growth variation. Also in leaf growth heterosis, DZ size 
was also not enough to explain differences in FLL and LER, as demonstrated by the overdominance 
for FLL and LER in B104xMo17, while DZ size had an additive effect. Our kinematic analysis 
demonstrated that the hybrid B104xMo17 combined the fast cell cycle from B104 (dominant effect) 
and the larger DZ size for Mo17 (additive effect). In addition, the observed differences for the 
heterotic response of DZ size in the B104 hybrids, ranging from additive to overdominant, suggest 
that the genetic background affected the growth processes differently. Thus, combining additive and 
dominant effects on the number of dividing cells and division rate resulted in overdominant effects 
on cell production, LER and FLL, but contribution of these processes to heterosis leaf growth can 
differ depending on the hybrid line. 
Gene expression patterns in hybrids were examined in various studies, but no global expression 
pattern was detected (Hochholdinger and Hoecker, 2007). In our study, predominantly additive gene 
expression was detected (66-68%) and the majority of the non-additively expressed genes were 
expressed within the parental range. Previous studies on immature ears (Stupar and Springer, 2006), 
primary roots (Paschold et al., 2012) and seedlings (Swanson-Wagner et al., 2006) reported similar 
findings. Conversely, other studies on mature leaf (Auger et al., 2005b) and ears (Ding et al., 2014) 
reported pre-dominantly non-additive gene expression, suggesting that the investigated organ and 
developmental stage affect the global gene expression trends in hybrids, with a trend towards more 
additive gene expression in young growing tissues.  
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At the transcript level the parental lines differed for numerous genes that can be related to growth 
and development, including response to the hormones gibberellin (GA) and jasmonic acid (JA). Nine 
differentially expressed cell cycle genes were identified between the parental lines B104 and Mo17. 
Three D-type cyclins, which are important in the regulation of the G1 phase of the cell cycle (Buendía‐
Monreal et al., 2011), and a Cyclin-dependent kinase inhibitor 1 ortholog, a negative regulator of cell 
division (Wang et al., 2000), were upregulated in B104. In Mo17, the cell cycle genes Cyclin-A1, 
involved in the G2/M transition (Menges et al., 2005), Cyclin-dependent kinase B2-1, involved in the 
G2/M transition (Van Leene et al., 2010), E2F transcription factor-like, likely important for G1/S 
transition (Menges et al., 2005), and an anaphase promoting complex 10 (APC10) homolog, involved 
in G2/M transition and overexpression increased leaf size by an increased cell division rate in 
Arabidopsis (Eloy et al., 2011), were upregulated compared to B104. This observation suggests that 
cell cycle gene regulation did differ between B104 and Mo17 and these genes can be partially 
responsible for different growth and cellular phenotype in the parents, but we cannot determine 
which genes contribute to cell cycle rate or the number of dividing cells. Furthermore, it is likely that 
the cell cycle machinery is regulated by post-translational modifications. In the hybrid B104xMo17 
dominant-high parent expression is detected for cyclin-dependent kinase 2;1 (CDK2;1), cyclin-A1 and 
E2F transcription factor-like, these genes mainly regulate the G1-to-S transition and are important for 
cell cycle progression (Polyn et al., 2015).  
Another interesting gene that could be related to the hybrid cellular phenotype is the TCP5 gene, 
which showed a dominant-low parent expression comparable to Mo17. The TCP transcription factors 
can be divided in two classes which function antagonistically to control leaf growth via the jasmonate 
(JA) signaling pathway (Danisman et al., 2012). The TCP5 Arabidopsis gene belongs to the TCP class II 
that represses cell proliferation (Huang and Irish, 2015). Overexpression of TCP5 caused a reduction 
in blade width of the petal.  
Class I and II TCP genes were shown to regulate lipoxygenase2 (LOX2) expression by binding to 
different promoter regions, affecting JA biosynthesis (Danisman et al., 2012). The TCP II gene TCP4 
was also shown to upregulate miRNA MIR396 expression, which represses the growth regulating 
factor (GRF) family (Rodriguez et al., 2010). JA is involved in regulating the growth – defense balance, 
JA is induced upon wounding or herbivore feeding, but also has a role in reproductive development 
(Shyu and Brutnell, 2015). Surprisingly, little is known about JA biosynthesis and signaling in maize, 
though the pathways appear to be conserved between dicot and monocots (Shyu and Brutnell, 2015). 
The GO category response to JA was enriched in the additive expressed genes, however several JA 
related genes were observed in the non-additive expressed genes. Two lipoxygenases (LOX) had 
dominant-high expression. Lipoxygenases are involved in JA biosynthesis, but are also related to 
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vegetative growth for example tuber growth in potato or fruit ripening in tomato (Porta and Rocha-
Sosa, 2002). The overdominant genes contained a repressor of JA signaling (TIFY10A, a JASMONATE 
ZIM-domain-containing (JAZ) protein) and a gene responsible for the catabolic turn-over of 
Jasmonoyl-isoleucine (CYP94 homolog). Jasmonoyl-isoleucine causes degradation of JAZ proteins by 
the 26S proteasome, negative regulators of JA signaling (Wasternack and Hause, 2013). JA appears to 
have a function in leaf growth heterosis but the exact regulation is unknown. 
Dominant-high genes related to development are DROOPING LEAF, that is involved in midrib 
formation of the leaf (Ishikawa et al., 2009), and MADS box15 that is linked to floral organ identity 
(Mena et al., 1995). In tomato, a MADS box gene was involved in leaf development, through the 
inhibition of a TCP gene (Bar and Ori, 2014; Burko et al., 2013). As previously mentioned, protein 
metabolism (dominant-high category) can also make a contribution to leaf growth heterosis, 
conserving energy for cell division and growth. The TNF receptor-associated factor (TRAF) homolog 
was the only overdominant gene in both hybrids. TRAF genes have been linked to proteasome-
mediated regulation of developmental processes and response to abiotic stress, for example the 
TRAF-like family protein SEVEN IN ABSENTIA 2 (SINA2) is involved in drought tolerance and abscisic 
acid signaling in Arabidopsis (Bao et al., 2014). SINA of Arabidopsis thaliana (SINAT5) functions in 
auxin associated lateral root development through the ubiquitin-mediated degradation of 
transcription factor NAC1 (Xie et al., 2002). In summary, growth regulation is controlled by complex 
network of various signaling pathways. Various non-additive expressed genes with functions in 
growth and development were identified, but to specify which genes are responsible for the cellular 
phenotype in the hybrid further research is needed. For example genes with known functions in leaf 
growth, but that were not previously described in relation to heterosis, such as the TCP5 gene or a 
lipoxygenase gene, would be an excellent candidates for further research in leaf growth heterosis. In 
addition, protein translation and protein folding appear to be promising processes to explore in 
relation to heterosis. This may also indicates that a shift toward proteomic studies could help deepen 
our understanding of leaf growth heterosis. 
 
The function of gibberellin in (leaf) growth heterosis 
GA20-OX overexpression in the B104 maize inbred line positively stimulated FLL, LER and DZ size 
(Nelissen et al., 2012; Voorend et al., 2014) and our data confirmed these results in five B104 hybrids, 
suggesting that GA20-OX ectopic expression is a robust trait in maize. A previous study indicated that 
the genetic background had large effects on the phenotypic response to GA20-OX ectopic expression 
in Arabidopsis (Nam et al., submitted). The response in the distinct genetic backgrounds differed on 
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leaf size, cell number, cell size and transcriptome changes and while GA20-OX ectopic expression had 
a positive effect on growth in the majority of the cases, there were also genotypes with negative 
growth effects (Nam et al., submitted). So, the existing growth regulatory networks in the genotypes 
are important for the phenotypic effect of transgene expression. GA20-OX overexpression has a high 
expressivity in the hybrids and B104 inbred line, but at the transcriptional level gene regulation 
showed differences (511 DEGs for B104 versus 85 DEGs for B104xMo17), implying that there is a 
distinct gene regulation in response to GA at the transcriptional level in the different genetic 
backgrounds. 
A previous study showed that hybrids with the knock-out dwarf1 mutation, reducing the bioactive GA 
levels, still showed heterotic response for traits as plant height, leaf width and leaf length, indicating 
that high GA levels are not needed for heterotic response (Auger et al., 2005a). Our study 
demonstrated that GA can make a positive contribution to the heterosis response for FLL, LER and DZ 
size. At the cellular level, GA20-OXxMo17 had an overdominant division zone size, whereas the non-
transgenic hybrid had an additive division zone size. Also in the hybrids B104xCML91 and B104xF7 DZ 
size heterosis was boosted by GA20-OX ectopic expression. This observation indicated that the larger 
DZ size of GA20-OX was complementary to the growth mechanisms responsible for leaf growth 
heterosis. The transgene appears able to boost heterotic traits and thus does more than simply 
conserve its growth effect in the different lines. At the transcriptome level non-additive expressed 
genes specific to the transgenic hybrid included genes from categories implicated in leaf growth 
heterosis, for example high expression of genes encoding for ribosomal proteins and chaperons. This 
can indicate that GA20-OX overexpression makes a contribution to heterotic growth by further 
stimulating the processes underlying leaf growth heterosis.  
In GA20-OXxMo17 TCP13 expression was underdominant and TCP5 expression additive, while in 
B104xMo17 TCP13 was additive and TCP5 dominant-low. The TCP transcription factors TCP5, TCP13 
and TCP17 are known to redundantly act to suppress cell proliferation, downregulating the three TCP 
genes using miRNA resulted in a an increased petal blade width and altered petal shape (Huang and 
Irish, 2015). TCP13 downregulation could be a compensated by upregulation of TCP5 for or vice-
versa. The TCP transcription factors affect plant development by affecting cell proliferation, but are 
also involved in hormone signaling of various hormones including JA, GA, brassinosteroids and auxin 
(Nicolas and Cubas, 2016).  
Hormone related genes were also identified in the GA20-OX specific non-additive expressed genes, 
this is not surprising considering the complex cross-talk between hormonal pathways (Robert-
Seilaniantz et al., 2011). The dominant high genes include two BRASSINOSTEROID INSENSITIVE 1-
associated receptor kinase 1 homologs, likely involved in brassinosteroid signaling. Downregulation of 
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BRASSINOSTEROID INSENSITIVE1 (BRI1) through RNAi caused a dwarf phenotype, with a reduction in 
both cell division and cell elongation resulting in shorter leaves, demonstrated the importance of 
brassinosteroid signaling in maize growth (Kir et al., 2015). In Arabidopsis, BRI1 overexpression under 
its native promoter resulted in larger leaves through an increased cell number (Gonzalez et al., 2010; 
Oh et al., 2011). The dominant low genes included two homologs of Rop guanine nucleotide 
exchange factor (GTPase) and 3-acetic acid-amido synthetase GH3, responsible for the GO 
enrichment of developmental growth involved in morphogenesis. 3-acetic acid-amido synthetase is 
involved in modulating levels of active auxin (Chen et al., 2010) and ROP GTPases are activated by 
auxin and mediate auxin responsive gene expression (Tao et al., 2002). ROP GTPase has an important 
role in signaling to regulate plant growth processes, including seedling development and organ 
morphogenesis (Li et al., 2001). 
In the dominant-high category specific for the transgenic hybrid, several cell proliferation associated 
genes were implicated. The Proliferation-associated protein 2G4 gene had a best Arabidopsis-hit EBP1 
(AT3G51800) that was related to cell proliferation and organ size. EBP1 stimulated rate and duration 
of cell proliferation, by upregulating cell cycle genes as cyclin D3,1 (Horváth et al., 2006). The maize 
homolog ZmEBP1 (ErbB-3 binding Protein 1) had an overdominant expression pattern in hybrid 
immature ears and ectopic expression of ZmEBP1 in Arabidopsis increased organ size, through an 
increase of cell number and not cell size (Wang et al., 2016). However, in our dataset this ZmEBP1 
gene showed no differential gene expression between the samples. Additionally, a putative WUSCHEL 
homeobox and NAC transcription factor NAM homolog were identified. In Arabidopsis, WUSCHEL-
LIKE HOMEOBOX (WOX) transcription factors act downstream of adaxial/abaxial polarity 
establishment in leaf blade outgrowth and margin development (Hepworth and Lenhard, 2014; 
Nakata et al., 2012). The NAC transcription factor NAM is also involved in the marginal patterning of 
leaves (Bar and Ori, 2014). These identified GA20-OX specific genes related to cell proliferation can 
potentially explain the overdominant number of diving cells in GA20-OXxMo17 compared to 
B104xMo17 and be responsible for the enhanced heterotic response. 
  
RNA sequencing in hybrid lines 
Currently, the main limitation of transcriptome analysis on hybrids is the availability of only one 
reference genome, namely that of the B73 (Schnable et al., 2009). Maize inbred lines have numerous 
SNPs and insertion/deletion polymorphism (indels) compared to the reference B73 genome (Lai et 
al., 2010), which potentially lower the read-mapping efficiency or even preventing read-mapping. 
Additionally, present/absent variation (PAV) is present in the genomes of distinct inbred lines, as is 
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shown between B73 and Mo17 (Ding et al., 2014; Lai et al., 2010; Swanson-Wagner et al., 2010). 
Genes not present in the reference genome will be lost during the analysis. The PAV variation has the 
potential to make significant contributions to (leaf) growth heterosis through gene complementation, 
but is at this moment still goes largely undetected. 
An interesting approach to study gene expression in hybrids is analyzing allele-specific expression, in 
which the SNPs of the parental inbred lines are used to differentiate between the transcripts 
originating from different alleles. Allele-specific gene expression data gives information about the cis- 
and trans-regulation of gene expression (Wittkopp et al., 2004), which were already shown to be 
present in maize hybrids (Guo et al., 2008; Paschold et al., 2012). In the future, we will analyze this 
dataset in collaboration for allele-specific expression in the hybrid lines, to investigate if GA20-OX 
ectopic expression can affect the regulation gene expression as a trans-acting factor. Additionally, this 
data can show if the few detected DEGs between Mo17 and the F1 hybrid are genuine or the result of 
differences in read-mapping, due to B104 being closer related to B73 as Mo17 (Liu et al., 2003) 
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Supplementary data 
Dataset S4.1-9 can be found at https://floppy.psb.ugent.be/public.php?service=files&t=10160c12167c08b5bd6e8392e79b8e75 
 
Table S4.1 Summary GA20-OX hybrid experiments 
  FLL (mm) LER (mm/h) 
   B104xCML91  B104xF7  B104xH99 
 B104xMo17 
(KA) 
 B104xMo17 
(RNAseq) 
 B104xW153R  B104xCML91  B104xF7  B104xH99 
 B104xMo17 
(KA) 
 B104xMo17 
(RNAseq) 
 B104xW153R 
B104 535,3 ± 18,1 535,3 ± 18,1 581,7 ± 17,6 556,8 ± 50,5 559,6 ± 23,4 585,5 ± 9,9 2,3 ± 0,1 2,3 ± 0,1 1,9 ± 0,1 2,4 ± 0,2 2,5 ± 0,2 1,8 ± 0,1 
B104 hybrid 770,4 ± 19,1 785,0 ± 14,2 652,3 ± 24,7 750,0 ± 28,4 712,3 ± 22,6 785,3 ± 12,9 3,0 ± 0,1 2,9 ± 0,1 2,1 ± 0,1 3,4 ± 0,1 3,1 ± 0,1 2,3 ± 0,1 
inbred 759,5 ± 8,9 759,6 ± 11,7 553,0 ± 33,3 550,8 ± 50,3 651,7 ± 38,1 637,4 ± 26,0 3,3 ± 0,1 2,9 ± 0,1 1,9 ± 0,1 2,2 ± 0,2 3,0 ± 0,1 1,6 ± 0,1 
GA20-OX hybrid 1067,7 ± 29,9 1009,3 ± 24,3 965,1 ± 11,5 1071,2 ± 13,4 987,4 ± 30,5 1031,9 ± 25,6 4,4 ± 0,1 4,2 ± 0,1 3,3 ± 0,0 4,4 ± 0,1 4,4 ± 0,1 3,2 ± 0,0 
GA20-OX  787,0 ± 22,5 787,0 ± 22,5 880,5 ± 18,2 881,6 ± 15,1 841,0 ± 16,9 898,4 ± 17,7 3,4 ± 0,1 3,4 ± 0,1 3,0 ± 0,1 3,8 ± 0,1 3,2 ± 0,1 2,9 ± 0,1 
  LED (h) DZ (cm) 
   B104xCML91  B104xF7  B104xH99 
 B104xMo17 
(KA) 
 B104xMo17 
(RNAseq) 
 B104xW153R  B104xCML91  B104xF7  B104xH99 
 B104xMo17 
(KA) 
 B104xMo17 
(RNAseq) 
 B104xW153R 
B104 211,2 ± 4,0 211,2 ± 4,0 263,9 ± 2,9 214,5 ± 16,6 222,1 ± 7,0 254,8 ± 3,1 1,3 ± 0,0 1,3 ± 0,0 1,4 ± 0,0 1,5 ± 0,1 1,4 ± 0,0 1,3 ± 0,0 
B104 hybrid 270,3 ± 3,3 275,4 ± 8,0 274,8 ± 1,7 234,5 ± 5,8 232,3 ± 3,4 279,1 ± 3,1 1,6 ± 0,0 1,8 ± 0,0 1,9 ± 0,0 1,9 ± 0,1 1,9 ± 0,0 1,9 ± 0,0 
inbred 260,0 ± 3,6 265,4 ± 5,4 298,1 ± 10,6 225,7 ± 13,9 238,5 ± 7,9 324,4 ± 14,5 1,8 ± 0,0 1,8 ± 0,0 1,8 ± 0,0 2,1 ± 0,0 2,1 ± 0,0 1,8 ± 0,0 
GA20-OX hybrid 265,0 ± 3,8 262,7 ± 2,1 315,5 ± 5,2 277,5 ± 4,8 253,5 ± 2,1 296,4 ± 5,4 2,3 ± 0,0 2,2 ± 0,0 2,3 ± 0,0 2,6 ± 0,1 2,7 ± 0,1 2,3 ± 0,0 
GA20-OX  241,3 ± 4,6 241,3 ± 4,6 320,3 ± 9,3 247,5 ± 1,6 280,0 ± 5,3 288,9 ± 8,1 2,0 ± 0,0 2,0 ± 0,0 2,1 ± 0,1 2,0 ± 0,1 2,1 ± 0,1 2,1 ± 0,0 
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Table S4.2 Heterotic effects on fourth leaf in GA20-OX transgenic and non-transgenic hybrids. Comparison for final leaf length (FLL), division zone size (DZ), leaf elongation 
rate (LER), leaf elongation duration (LED), leaf area and leaf width of the fourth leaf between the hybrid and parental lines. Mid-parent (MPH) heterosis values are given if 
the hybrid was significantly (p-value < 0.05) different from the mid-parent performance. If the hybrid was significantly (p-value < 0.05) outside the parental range best parent 
(BPH) heterosis values are given, the hybrid relative to the best parent. (KA: kinematic analysis, RNAseq: RNA sequencing experiment) 
  FLL DZ size LER LED 
  %MPH %BPH %MPH %BPH %MPH %BPH %MPH %BPH 
B104 x CML91 19,0** 1,4 5,9* -6,9 6,6 -8,8 14,7** 4,0 
GA20-OX x CML91 38,1** 35,7** 20,3** 12,5** 33,2** 30,7** 5,7** 1,9 
B104 x F7 21,2** 3,3 15,8** 0,3 13,4** 2,8 15,6** 3,8 
GA20-OX x F7 30,5** 28,2** 14,2** 8,5** 34,8** 24,2** 3,7 -1,0 
B104 x H99 15,0* 12,1 18,8** 5,3** 13,9* 13,4 -2,2 -7,8 
GA20-OX  x H99 34,7** 9,6* 22,1** 16,8** 36,5** 10,7* 2,1 -1,5 
B104 x Mo17 (KA) 35,4** 34,7* 5,4 -10,6 43,9** 38,0** 6,5 3,9 
GA20-OX x Mo17 (KA) 49,6** 21,5** 26,4** 23,4** 46,5** 16,3* 17,3 12,1 
B104 x Mo17 (RNAseq) 17,6* 9,3 8,7** -10,0 14,0* 3,1 0,8 -2,6 
GA20-OX x Mo17 (RNAseq) 32,3** 17,4*  30,4** 29,2** 38,9** 34,9** -2,2 -9,5 
B104 x W153R 28,4** 23,2** 20,1** 5,8** 36,1** 28,9** -3,6 -14,0 
GA20-OX x W153R 34,4** 14,9** 18,8** 10,4** 40,6** 9,4 -3,3 -8,6 
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Table S4.3 Summary kinematic analysis of GA20-OX x Mo17 Cellular and kinematic parameters of the inbred lines B104, GA20-OX and Mo17 and their hybrids B104xMo17 
and GA20-OX x Mo17 (average ± SE, n=3-4). 
  
B104  B104xMo17 Mo17 GA20-OX x Mo17 GA20-OX 
Size of the division zone (cm) 1,5 ± 0,1 1,9 ± 0,1 2,1 ± 0,0 2,6 ± 0,1 2,0 ± 0,1 
Dividing cell size (µm) 23,1 ± 1,5 22,2 ± 0,1 23,3 ± 1,6 22,6 ± 1,4 22,2 ± 1,6 
Number of dividing cells (cells) 717,4 ± 44,5 941,6 ± 25,5 1031,8 ± 63,1 1266,5 ± 70,2 1065,2 ± 15,5 
LER (mm/h) 2,4 ± 0,2 3,4 ± 0,1 2,2 ± 0,2 4,4 ± 0,1 3,8 ± 0,1 
Cell production (cell/h) 17,8 ± 0,2 23,5 ± 0,1 15,2 ± 0,1 32,2 ± 1,4 26,8 ± 0,2 
Cell division rate (cells.cell-1h-1) 0,0250 ± 0,0015 0,0250 ± 0,0008 0,0149 ± 0,0010 0,0256 ± 0,0017 0,0252 ± 0,0005 
Cell cycle duration (h) 28,0 ± 1,7 27,8 ± 0,8 46,9 ± 3,1 27,4 ± 1,9 27,5 ± 0,6 
Mature cell size (µm) 136,7 ± 1,2 142,9 ± 0,8 146,4 ± 0,7 138,0 ± 5,7 141,7 ± 1,3 
Size of the growth zone (cm) 5,6 ± 0,5 6,8 ± 0,4 6,1 ± 0,2 10,0 ± 0,0 6,7 ± 0,4 
Cell size in growth zone (µm) 76,7 ± 3,5 79,4 ± 3,5 76,5 ± 3,9 77,9 ± 2,4 73,5 ± 1,2 
Number of cells in growth zone (cells) 1199,1 ± 93,9 1481,1 ± 36,5 1447,9 ± 69,3 2133,2 ± 92,4 1596,5 ± 47,3 
Size of the expansion zone (cm) 4,1 ± 0,5 4,9 ± 0,3 3,9 ± 0,2 7,4 ± 0,1 4,7 ± 0,4 
Size expanding cells (µm) 96,2 ± 4,0 101,7 ± 3,8 105,4 ± 4,0 97,7 ± 3,3 99,5 ± 3,6 
Number of expanding cells (cells) 481,7 ± 52,3 539,5 ± 11,3 416,1 ± 22,6 866,7 ± 39,4 531,3 ± 53 
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Figure S4.1 leaf length and elongation rate in GA20-OX overexpressing hybrids Performance for final leaf 
length (FLL), division zone size (DZ), leaf elongation rate (LER) and leaf elongation duration (LED) of the non-
transgenic and transgenic hybrid and parental lines under controlled conditions for the kinematic analysis (KA) 
experiment and RNA sequencing (RNAseq) experiment. Error bars represent the SE (n = 3-7). ANOVA analysis 
for the parameters FLL and DZ size showed no significant (p-value <0.05) experiment x genotype interaction 
effect or experimental effect. LER and LED likewise had no experimental effect, but an experiment x genotype 
interaction effect was observed (P-value= 0.001 and 0.027).  
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Figure S4.2 Principle component analysis plot of the RNA sequencing experiment 
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Abstract 
There is a growing awareness that transgene expression by specific temporal and spatial promoters 
provides opportunities to improve crops by precision breeding. Testing of several promoter gene 
combinations, can be facilitated by a transactivation system such as UAS-GAL4, that comprises a 
driver line with a promoter governing the expression of a transactivator (e.g. GAL4/5xVP16) and an 
effector line that contains a UASx4 (trans-element to GAL4) and a target gene. These systems are 
especially useful in outcrossing species that are less efficiently transformed such as maize. Here, we 
evaluated the UAS-GAL4 system in maize, for both transient and stable transformation, using a 
constitutive EF1α promoter in the driver line and GUS as an effector gene. In the transient expression 
assay, transactivation was observed, but in stably transformed plants no GAL4/5xVP16 expression 
was demonstrated. In the majority of the non-activated effector lines basal expression levels of the 
transgene were detected. These data show that while the GAL4/5xVP16 and UASx4 sequences are 
functional in maize, the constructs need further optimization. This study provides useful insights for 
the future implementation of the UAS-GAL4 transactivation system in maize. 
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Introduction   
Maize is an important cereal crop that is grown worldwide for food, feed and industrial uses (Ranum 
et al., 2014). Understanding maize yield and development has occupied researchers for numerous 
years. Key to unraveling the processes controlling maize yield is an accurate understanding of how 
growth processes, as cell division and cell elongation, influence growth. The growth processes, cell 
proliferation and cell expansion, have a linear organization along the longitudinal axis of the maize 
leaf (Rymen et al., 2007). However, growth regulation is very complex as genes could prove to be 
beneficial when expressed in a restricted spatial and temporal manner, rather than constitutively. 
New strategies for crop improvement shift more toward specifically targeted transgene expression 
(Dutt et al., 2014; Nuccio et al., 2015). For example targeted mild ectopic expression of KLUH or 
PLASTOCHRON1 (PLA1), encoding for cytochrome P450 enzymes, results in larger plants (Anastasiou 
et al., 2007; Sun et al., submitted), while high overexpression causes unfavorable growth phenotypes 
(Sun et al., submitted; Zondlo and Irish, 2002). Ectopic expression of threhalose-6-phosphate 
phosphatase by the OsMads13 promoter negatively affected yield, whereas ectopic expression by the 
OsMads6 promoter improved yield under non-drought and drought conditions (Nuccio et al., 2015). 
The promoters OsMads6 and OsMads13 have similar expression profiles, but OsMads6 had a more 
broad expression profile in the developing flowers (Nuccio et al., 2015). To identify the most suitable 
promoter to drive the expression of a particular gene, there is a need to evaluate multiple promoter-
gene constructs.  
A two-component transactivation system offers a way to limit the number of transformations needed 
to evaluate multiple promoter-gene combinations. The transactivation system is a binary system 
including two types of transgenic lines, driver lines and effector lines (Liang et al., 2006; Moore et al., 
2006). The driver lines have a promoter of interest mediating the expression of a transcription factor 
(e.g. GAL4/5xVP16) (Schwechheimer et al., 1998). The effector lines have a gene of interest under 
control of an upstream activating sequence (UAS) followed by a minimal promoter (Liang et al., 
2006). The progeny from the cross between a driver and an effector line has specific expression of the 
transcription factor which can activate gene expression. By generating a collection of driver lines a 
gene can be expressed under control of multiple promoters, by merely transforming the effector line 
and making crosses with the existing driver lines (Liang et al., 2006). Such a transactivation system is 
especially useful in an outcrossing species that is recalcitrant to transformation such as maize.  
The UAS-GAL4 transactivation system, based on the use of the chimeric GAL4-VP16 transativator, 
offers such a flexible system. The regulatory elements of the transactivation system should not 
respond to signals from the plant or activate expression of genes other than the transgene. 
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Therefore, regulatory elements from evolutionarily distant organisms, such as yeast are chosen for 
transactivation systems (Padidam et al., 2003; Zuo and Chua, 2000). GAL4 originates from 
Saccharomyces cerevisiae and is a positive regulator of various galactose–inducible genes (Laughon 
and Gesteland, 1984). The GAL4 DNA binding domain, used in the transactivation system, was shown 
to bind DNA as a dimer in vitro (Carey et al., 1989; Marmorstein et al., 1992). The VP16 transactivator 
domain is derived from the herpes simplex virus (Dalrymple et al., 1985; Triezenberg et al., 1988) and 
was shown to interact with TATA-binding protein (TBP), TFIIB, and the SAGA histone acetylase 
complex in vivo (Hall and Struhl, 2002). The UAS-GAL4 transactivation system was already successfully 
applied in mice (Ornitz et al., 1991), Drosophila (Brand and Perrimon, 1993), zebrafish (Köster and 
Fraser, 2001; Scheer and Campos-Ortega, 1999), frogs (Hartley et al., 2002), silkworms (Imamura et 
al., 2003), Arabidopsis (Guyer et al., 1998; Weijers et al., 2003) and rice (Liang et al., 2006).  
Other relevant applications using the GAL4 technology are enhancer trapping and chemical inducible 
lines. The GAL4 enhancer trapping technology, in which GAL4/VP16 is cloned behind a minimal 
promoter, provided a powerful tool for routine manipulation of specific cell types (Duffy, 2002). 
Depending on the place of integration in the genome, the minimal promoter will be activated by local 
enhancer elements, allowing the generation of various GAL4-VP16 expression patterns. The GAL4-
VP16 pattern is visualized by a reporter gene such as GFP or GUS, which is cloned downstream of the 
UAS elements and can be included on the same T-DNA construct. Numerous GAL4-VP16 enhancer 
trap lines were developed for Arabidopsis (Haseloff, 1999) and rice (Johnson et al., 2005; Johnson et 
al., 2007) and display a variation in cell-type specific expression patterns. This could also prove useful 
in maize research considering the limited number of promoters available for specific expression at the 
moment. The GAL4 system can also become chemical inducible by including a chemical receptor 
domain as the ecdysone receptor (EcR) (Padidam et al., 2003) or glucocorticoid receptor (GR) 
(Aoyama and Chua, 1997) to the GAL4-VP16 transcription factor. This domain allows temporal control 
of transactivation by chemical induction.  
In maize, it was shown that GAL4-VP16 could bind to the UAS and cause transcriptional activation. It 
was demonstrated that anther specific expression of VP16-GAL4 could cis-activate transcription in 
stably transformed maize plants (Unger et al., 2002). Additionally, upon induction with the 
ecdysteroid agonist methoxyfenozide, constitutively expressed VP16-GAL4-EcR could activate 
transcription in maize plants (Unger et al., 2002). The UAS (upstream activating sequence) and GAL4-
VP16 sequences were studied in transient co-transformation protoplast experiments using BMS 
maize suspension cells (Schwechheimer et al., 1998). An increased number of repeats in UAS binding 
sites and VP16 activation domains elevated the level of transactivation and constructs using four UAS 
and five VP16 repeats resulted in comparable GUS expression as the control construct (2x 35S CaMV-
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GUS)(Schwechheimer et al., 1998).  
Here, we used these constructs (UASx4 and GAL4/5xVP16) to evaluate the feasibility of utilizing the 
two-component UAS-GAL4 transactivation in maize. Therefore, transactivation of the UAS sequences 
by GAL4/5xVP16 was evaluated in a transient assay and stable transformed maize plants. In stable 
transformed plants no GAL4/5xVP16 expression could be demonstrated and the majority of the 
effector lines only displayed basal expression levels. The transient assay showed that optimizing the 
codon usage of GAL4/5xVP16 can improve the transactivation level and has potential for future 
application in stably transformed lines. These data are relevant for further research in the 
implementation of the UAS-GAL4 transactivation systems in maize. 
 
Materials and methods 
Plant material and growth conditions 
All experiments were executed in growth chambers with controlled relative humidity (55%), 
temperature (24°C), and light intensity (170 mmol m-2 s -1 photosynthetically active radiation at 
plant level) provided by a combination of high-pressure sodium vapour (RNP-T/LR/400W/S/230/E40; 
Radium) and metal halide lamps with quartz burners (HRI-BT/400W/D230/E40; Radium) in a 16 h/8 h 
(day/night) cycle. Immature embryos of maize inbred line B104 were transformed by A. tumefaciens 
co-cultivation (Coussens et al., 2012). 
 
Vector construction 
A UASX4 promoter and GAL4/5xVP16 gene were synthetized based on the sequences from 
Schwechheimer et al, 1998. The UAS sequence consists of four times a UAS sequence followed by a 
minimal 35S promoter. The GAL4 sequence composition is a GAL4 DNA binding domain followed by 
five times a VP16 transactivation domain. For transformation the vector pBbm42GW7 was used 
(Karimi et al., 2013). 
For codon optimization of the GAL4/5xVP16 sequence the software ‘Codon Optimization Tool’ 
(https://eu.idtdna.com/CodonOpt) was used , making sure that sequences for the VP16 domain were 
different between each repeat, with no more than 12 identical subsequent base pairs between the 
repeats  
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RNA extraction and Real-time quantitative PCR analysis 
Leaf tissue (basal 3 cm) from the fourth leaf was harvested two days after leaf appearance. All 
experiments were done using three biological repeats, each including pooled samples of three plants. 
Total RNA was isolated with the guanidinium thiocyanate-phenol-chloroform extraction method using 
TRI-reagent (Sigma-Aldrich). First –strand cDNA was synthesized from 1 µg total RNA using the 
iScript™ Advanced cDNA Synthesis Kit for Real-time quantitative PCR analysis (RT-qPCR) (Bio-Rad 
Laboratories). Gene- specific primers are listed in Supplementary table S5.5. RT-qPCR was performed 
on a LightCycler 480 (Roche) on 384-well plates with LightCycler 480 SYBR Green I Master (Roche) 
according to the manufacturer’s instructions. PCR reactions were done in triplicate (technical 
repeats). The transcript levels of the housekeeping gene 18S rRNA were used for normalization. 
 
Transient expression assay 
Immature maize embryos were harvested 12 days after pollination, co-cultivated with Agrobacterium 
tumefaciens for 3 days and subsequently placed on resting medium for 4 days as described in 
Coussens et al. (2012). Then a histochemical GUS assay was done according to Coussens et al. (2012). 
 
Phenotyping 
In the growth chamber, phenotyping of the fourth leaf occurs by measuring leaf length on a daily 
basis (n=4-14). The leaf elongation rate (LER) was the average LER during the first five days after leaf 
appearance and leaf elongation duration (LED) was calculated as the period in hours  from 100 mm 
till the end of growth (Voorend et al., 2014).  
 
Genotyping 
Genotyping of the transgenic lines was done by an immunochromatographic assay detecting the PAT 
protein using the TraitChek Crop and Grain Test Kit (Strategic Diagnostic, Newark, DE, USA) and leaf 
painting. 
In case of multiple transgenes, the plants were genotyped through PCR on genomic DNA. Total 
genomic DNA was isolated from leaf tissue with the Wizard® Genomic DNA Purification Kit (Promega, 
Madison, WI, USA). The PCR conditions for amplifying the UASx4-GUS construct were as follows: initial 
denaturation at 98 °C for 3 min, followed by 35 cycles of 98 °C for 10 s, annealing at 56 °C for 30 s, 
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extension at 72 °C for 1 min, and a final extension step of 10 min at 72 °C. For the pBdEF1α-
GAL4/5xVP16 construct, the extension time was 2 min 30 s (for the primers, see Supplementary Table 
S3). 
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Results 
Transactivation of UASx4-GUS by BdEF1α-GAL4/5xVP16 in maize embryos in a 
transient expression assay 
The basic principle of a binary transactivation system is that driver lines expressing a transactivator 
are crossed to an effector line that can express a transgene in response to the presence of the 
transactivator, resulting in targeted transgene expression in the F1 progeny (Fig. 5.1A). To evaluate 
the UAS-GAL4 system in maize the constitutive BdEF1α promoter (Coussens et al., 2012) and the β-
glucuronidase (GUS) reporter gene are utilized. Investigating if the GAL4 system is suitable for 
developmental studies, was done by introducing the GA2oxidase (GA2OX) promoter and xxx (xxx), 
which positively affected maize growth when expressed under control of the specific GA2OX 
promoter (Reference x). To generate transgenic maize lines, two different kind of construct were 
made (Fig. 5.1B). 
 
 
(a) 
 
 
(b)  
pBdEF1α-GAL4/5xVP16 
UASx4-GUS 
 
Figure 5.1 Schematic representation of the transactivation system.  
(a) Transactivation principle in plants derived from crosses between a driver and an effector line. (b) T-DNA 
region of the driver line pBdEF1α-GAL4/5xVP16 and effector line UASx4-GUS. Gene fragments are not drawn to 
scale. 
T35S: terminator 35S; p35S: promoter 35S; GAL4: GAL4 DNA-binding domain; 5 x VP16: VP16 activation domain 
with five repeats; Bar: bialaphos resistance gene used for selection of transgenic maize lines; MP: minimal 35S 
promoter; 4x UAS: upstream activating sequence with four repeats; GUS: β-glucuronidase gene; Tnos: 
terminator of the nopaline synthase gene; pBdEF1α: promoter of Brachypodium gene encoding 
elongationfactor 1-α.  
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Effector lines were generated by placing the gene of interest after four repeats of the UAS sequence 
and a minimal 35S promoter (Fig. 5.1B). The genes of interest in this study were the reporter gene 
GUS and the growth enhancing gene xxx. In the absence of the GAL4/5xVP16 transcription activator, 
no expression of the transgene was expected. For UASx4-GUS six independent events, of which two 
single locus, were obtained after Agrobacterium mediated transformation. The two single locus lines 
were inspected for GUS activity in the growth zone of the leaf and in the root tip by GUS staining and 
no GUS activity was observed (Fig. 5.2A). Next, a transient assay was performed to test if the two 
UASx4-GUS Lines can be transactivated by the chimeric GAL4/5xVP16 transcription factor. For the 
initial implementation of the transactivation system, the constitutive promoter pBdEF1α (Coussens et 
al., 2012) was utilized (Fig. 5.1B). The constitutive promoter allows for evaluating transactivation in 
multiple organ and developmental times, including immature embryos which are used for the 
transient transactivation assay.  
 
Figure 5.2 GUS staining in UASx4-GUS lines.  
A: A histochemical GUS staining was performed three weeks after sowing on the basal cm of a growing leaf and 
on the basal cm of a root. B: Immature embryos originating from two independent UAS x4-GUS lines were 
transiently transformed by co-cultivation with A. tumefaciens. Transactivation of GUS expression was tested 
using the pBdEF1α-GAL4/5xVP16 construct, pZmUBIL-GUS was used as a control for transformation and not co-
cultivated embryos were examined for leaky expression. 
 
In the transient assay, immature embryos from the two single locus segregating UASx4-GUS lines were 
co-cultivated with A. tumefaciens containing the pBdEF1α-GAL4/5xVP16 construct. As the embryos 
were segregating for UASx4-GUS, half of the embryos were expected to show blue staining in the 
histochemical reaction. As a positive control, we used fifty B104 embryos that were co-cultivated with 
T NT 
pBdEF1α-GUS 
UASx4-GUS line 1 
UASx4-GUS line 2 
  
UAS x4-GUS  
line 2 
  
UAS x4-GUS 
line 1 
A B 
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an Agrobacterium that contained ZmUBIL-GUS, and should result in a high percentage blue staining 
of the embryos, reflecting the efficiency of the transient assay. As negative control fifty segregating 
UASx4-GUS embryos were used that were not co-cultivated with Agrobacterium. For the actual 
experiment 161 and 94 immature embryos were used, for UASx4-GUS line 1 and 2, respectively.  
 
Table 5.1 Transient transactivation of two independent UASx4-GUS lines. 
Immature embryos of two UASx4-GUS lines were co-cultivated with A.tumefaciens containing the pBdEF1α-
GAL4/5xVP16 or ZmUBIL-GUS construct. For each UASx4-GUS line the survival rate and GUS staining percentage 
of the surviving immature embryos was determined. 
UASx4-GUS A. 
tumefaciens 
Survival 
rate 
GUS 
staining 
Line 1 pBdEF1α-
GAL4/5xVP16 
78,9% 52%
a
 
 ZmUBIL-GUS 84% 81% 
 - 97,9% 0% 
Line 2 pBdEF1α-
GAL4/5xVP16 
57,4% 61%
a
 
 ZmUBIL-GUS 74% 95% 
 - 94% 0% 
a
Percentages were doubled to take into account that half the embryos did not contain the UAS-GUS construct 
and could not be transactivated. 
 
The survival rate of the embryos was determined based on one experiment and the GUS staining was 
evaluated in the surviving embryos. The survival rate of the embryos co-cultivated with pBdEF1α-
GAL4/5xVP16 was 79% and 57% for UASx4-GUS line 1 and 2, respectively, which is lower compared to 
the embryos co-cultivated with UBIL-GUS (Table 5.1). Transient transactivation in the surviving 
embryos was successful in approximate 52% and 61% of the embryos, for UASx4-GUS line 1 and 2, 
respectively (Table 5.1). Examining the embryos of the two UASx4-GUS lines that were not co-
cultivated showed no GUS staining, confirming no GUS activity was present in the absence of the 
transactivator. These findings prove that the UASx4-GUS lines are responsive to transactivation by the 
pBdEF1α-GAL4/5xVP16 construct. 
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Effector lines were prone to leaky expression 
For UASx4-xxx fifteen independent events, of which eleven were single locus, were obtained. Leaf 
growth of the eleven UASx4-xxx single locus lines (Fig. S5.1) was analyzed. Ten of the eleven UASx4-xxx 
lines showed an effect on final leaf length (FLL) of which nine had a significantly larger FLL in the 
transgenic plants relative to the non-transgenic plants (Table 5.2). Line 8, showing no growth 
phenotype in the absence of the activator, is a prime candidate for future transactivation experiments 
when a activator line becomes available.  Eight of the nine UASx4-xxx lines with a positive effect on 
growth had a significantly longer period of LED (Table 5.2). The increase in LED proved to be variable 
ranging from 4,6% till 30,1%. Next to the effect on LED the leaf growth rate, leaf elongation rate (LER), 
was significantly elevated in four of the nine lines displaying enhanced growth. These growth 
phenotypes in the UASx4-xxx lines suggest that xxx was ectopically expressed without the presence of 
the GAL4/5xVP16 activator.  
 
Table 5.2 Summary growth experiment UASx4-xxx lines 
Leaf growth of the fourth leaf of eleven independent UASx4-xxx lines was analyzed for transgenic (T) versus 
non-transgenic plants (NT). The final leaf length (FLL), the leaf elongation rate (LER), the leaf elongation 
duration (LED) (* T-test p-value <0.05).  
UASx4-xxx line 1 line 2 line 3 line 4 line 5 line 6 line 7 line 8 line 9 line 10 line 11 
FLL (%) 19,4* 23,0* 20,5* 19,0* -8,6* 17,4* 29,7* 1,9 21,5* 21,8* 9,8* 
LER (%) -0,1 0,2 13,9* 15,6* -4,2 5,1 18,9* 0,9 6,6* 8,2 2,5 
LED (%) 21,8* 30,1* 6,5 11,6* -6,0* 13,2* 16,4* 0,3 13,0* 23,3* 4,6* 
  
In the division zone (basal 0,5 cm) of the growing fourth leaf, where xxx endogenous expression was 
found to be the highest (reference x), xxx expression levels were evaluated in a UASx4-xxx line with 
enhanced LED (line 2), enhanced LER (line 3) and a line with no improved leaf growth (line 5). UASx4-
xxx line 5, which showed no enhanced leaf growth, had no significant xxx overexpression in the 
division zone of the leaf (Fig. 5.3A), while, the growth enhancing UASx4-xxx lines 2 and 3 had a 
significantly higher xxx expression in the division zone. To validate the expression of xxx in the 
growing zone the basal 2 cm of the leaf was examined and xxx was found to be upregulated in both 
the UASx4-xxx line 2 and 3 (Fig. 5.3B). Thus, the improved growth in some of the UASx4-xxx lines could 
be attributed to ‘leaky’ expression of the xxx gene in the absence of the GAL4 transactivator. 
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Figure 5.3 xxx expression levels in UASx4-xxx lines 
xxx expression levels in the basal 0.5 cm (A) and basal 2 cm (B) of the fourth leaf for transgenic and non-
transgenic siblings of the UASx4-xxx lines were evaluated (two-tailed student T-test * p-value <0.05). Error bars 
represent the standard error (n=3).  
 
More in-depth phenotyping of the two representative ‘leaky’ UASx4- xxx lines was performed to 
get an idea of their general growth enhancement and development. The transgenic UASx4-xxx plants 
had larger and wider leaves (Table S5.1) relative to the non-transgenic plants, and the final leaf 
number was on average reduced by one or two leaves (Fig. S5.2). Additionally, a delay in leaf 
development (Fig. S5.2) and reproductive timing (Fig. S5.3) was observed in xxx overexpressing 
plants. These observed phenotypes are similar to the previously descripted yyy-xxx line (reference x). 
The UASx4-xxx line 2 and yyy-xxx line were grown simultaneous and both lines showed comparable 
increases in leaf length and width (Fig. 5.4). In summary, the effector lines in maize seem prone to 
‘leaky’ expression in the absence of the GAL4 transactivator. 
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Figure 5.4 Leaf phenotype of the UASx4-xxx and pGA2OX-xxx lines 
Leaf phenotypes of UASx4-xxx line 2 and yyy-xxx compared to its non-transgenic (NT) siblings. *indicated 
significant difference (P<0.05) between UASx4-xxx and its non-transgenic sibling. ƚ indicated significant 
difference (P<0.05) between yyy-xxx and its non-transgenic siblings. All statistics are calculated based on two-
tailed student T-test. Error bars represent the standard error (n=3, n=2 for UASx4-xxx NT). 
 
Driver lines expressing GAL4/5xVP16 could not be generated 
The transient expression experiment using immature maize embryos demonstrated that 
transactivation is possible using the UASx4-GUS and pEF1α-GAL4/5xVP16 constructs. To analyze stable 
transactivation in transgenic maize plants a pEF1α-GAL4/5xVP16 driver line is needed. For pEF1α-
GAL4/5xVP16 three transformation attempts using 600 embryos each produced only two transgenic 
lines, one of which produced no transgenic progeny. The remaining transgenic pEF1α-GAL4/5xVP16 
progeny plants were pale and displayed chlorotic patches while the non-transgenic sibling had a 
normal wild-type appearance (Fig. 5.6). This phenotype persisted in the following generation. These 
observations suggest that expression of GAL4/5xVP16 is detrimental to plant health.  
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Figure 5.5 Phenotype of pEF1α-GAL4/5xVP16 transgenic plants. 
Close-up of a leaf of a pEF1α-GAL4/5xVP16 transgenic (A) and non-transgenic (B) plant at 93 days after sowing 
and a transgenic (T) and non-transgeneic (NT) at the reproductive stage. 
 
Additionally, progeny of the cross between the pEF1α-GAL4/5xVP16 and UASx4-GUS lines containing 
both constructs did not display GUS activity (Fig. S5.4). PCR using primers in the BdEF1α promoter 
and the GAL4/5xVP16 gene confirmed that the construct was at least partially present in the genomic 
DNA (Fig. S5.5). However, RT-qPCR using primers in GAL4 or VP16 (Table S5.3) could not detect 
expression of GAL4/5xVP16 in either mature or dividing tissue in the pEF1α-GAL4/5xVP16 line. Thus, 
the observed phenotype is not the result of transgenic expression, but possibly a positional effect 
from the integration of the T-DNA in the genomic DNA. These findings suggest that no GAL4/5xVP16 
expressing plant could be generated, possibly because the expression proves lethal. The failure to 
generate transgenic lines with the GAL4/5xVP16 gene under the control of the mild GA2-OX promoter 
is in line with this hypothesis. 
 
Codon optimizing GAL4/5xVP16 for expression in maize improves embryo survival 
and transactivation levels in transient assays 
Taking into consideration the failure to express GAL4/5xVP16 in stably transformed lines, ways to 
adjust the GAL4 system to maize were assessed. Previously, it was reported that GAL4-VP16 was 
codon optimized to achieve good expression levels in Arabidopsis (Haseloff, 1999). Here, the 
GAL4/5xVP16 sequence used is derived from yeast and the herpes simplex virus sequences 
(Schwechheimer et al., 1998) and does not possess the ideal codon usage for maize. To adapt the 
sequence for optimal expression in maize the codon usage was optimized for maize. Additionally, the 
A 
B 
C 
T NT 
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codon usage of the five identical repeats of VP16 was adjusted so no more than 12 sequential bp 
were identical between the five repeats to avoid silencing of the repetitive sequence. 
 
Table 5.3 Transient transactivation of UASx4-GUS using the initial and codon optimized pBdEF1α-
GAL4/5xVP16 construct. Summary of the four transient transactivation experiments: the total number of 
embryos over the four experiments, the average survival rate and average GUS staining in the surviving 
embryos per condition. 
a
Percentages were doubled to take into account that half the embryos did not contain 
the UAS-GUS construct and could not be transactivated. 
 
 
 
 
 
 
 
This codon optimized GAL4/5xVP16 sequence was evaluated using the transient assay. The 
experiment was performed in quadruplicate harvesting immature embryos from four different cobs 
of the segregating UASx4-GUS line 2. For each experiment approximately 50 embryos were co-
cultivated with A. tumefaciens containing pBdEF1α-GAL4/5xVP16 and the codon optimized pBdEF1α-
GAL4/5xVP16 construct. For the four experiments (Table S5.2) transactivation using the codon 
optimized pBdEF1α-GAL4/5xVP16 resulted in a higher embryo survival rate, on average 82% 
compared to 61% for the pBdEF1α-GAL4/5xVP16 construct (Table 5.3). Additionally, more embryos 
displayed GUS staining when using the codon optimized construct compared to the non-optimized 
construct, 57% versus 44% (Table 5.3). A closer examination of the GUS stained embryos revealed 
that embryos co-cultivated with the codon optimized construct had an increased number of spots per 
embryo compared to the original pBdEF1α-GAL4/5xVP16 construct (Fig. S5.6). The amount of 
transactivated embryos with five or more spots increased from approximate 40% till 76% for the 
codon optimized construct (Fig. 5.6). In conclusion, a first experiment indicates that the codon 
optimization of the GAL4/5xVP16 sequence can enhance the embryo survival rate and the 
transactivation rate, with embryos that display more GUS spots. This observation suggests a higher 
transactivation level in embryos when using the codon optimized construct. This sequence could 
proof useful in future research into the GAL4 system for maize. 
 
A. tumefaciens number of embryos survival rate GUS staining 
pBdEF1α-GAL4/5xVP16
opt
 213 82% 57%
a
 
pBdEF1α-GAL4/5xVP16 187 61% 44%
a
 
ZmUBIL-GUS 122 74% 95% 
- 122 90% 0% 
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Figure 5.6 Quantification GUS staining of UASx4-GUS embryos with the codon optimized pBdEF1α-
GAL4/5xVP16. Embryos of the segregating UASx4-GUS line 2 were transactivated using the pBdEF1α-
GAL4/5xVP16 and the codon optimized construct. After GUS staining the spots per embryo were quantified by 
counting the number of spots per embryo and binning them in classes. Average percentage of embryos over 
four experiments with their standard error are represented in the graph. 
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Discussion 
Implementation of the GAL4 transactivation system in maize 
Strategies to evaluate transgene function shifted from constitutive expression to more targeted 
spatial and temporal expression profiles (Dutt et al., 2014). An example of the importance of the 
promoter choice is the ZmPLA1 gene, which caused desirable growth promotion under control of a 
specific GA2OX promoter, while constitutive expression resulted in unfavorable characteristics (Sun et 
al., submitted). Additionally, ectoptic expression of the transgene threhalose-6-phoshate 
phosphatase under control of the specific promoters OsMads6 and OsMads13, exhibiting similar 
expression profiles but with OsMads13 having a more restricted expression in developing flowers, 
resulted in improved yield for OsMads6, while OsMads13 negatively affected yield (Nuccio et al., 
2015). These findings underline the importance of targeted expression in transgenic research. To 
facilitate the combination of a transgene with a variety of promoters, while minimizing the number of 
transformations needed, a binary transactivation system provides an elegant approach. In this study, 
we investigated if the UAS-GAL4 transactivation system can be implemented in maize. We opted to 
use sequences that were previously tested in maize protoplast cell culture through transient co-
transformation and yielded promising results (Schwechheimer et al., 1998). Transient activation in 
maize UASx4-GUS embryos upon co-cultivation with A. tumefaciens containing pBdEF1α-GAL4/5xVP16 
indicated that the sequences UASx4 and GAL4/5xVP16 were functional in maize. Despite 
demonstrating that GAL4/5xVP16 could transiently activate a UASx4-GUS line, no stable 
transactivation could be evaluated. The transformation of GAL4/5xVP16 expressing lines proved 
challenging, the two transgenic plants with the construct BdEF1α-GAL4/5XVP16 that survived until 
seed set had either no transgenic progeny or no transgene expression could be observed in the 
progeny.  
There are several possible explanations for the failure to generate lines constitutively expressing the 
GAL4/5xVP16 chimeric construct. High expression of the GAL4/5xVP16 chimeric construct of non-
plant origin could lead to posttranscriptional gene silencing (PTGS) of the transactivator (Borghi, 
2010) or the sequences of non-plant origin could cause problems with the transcription or translation 
efficiency and/or the protein stability (Haseloff, 1999). GAL4/5xVP16 expression could also have a 
negative effect on plant health resulting in counterselection when generating transgenic lines. 
Possible reasons why high constitutive expression of GAL4-VP16-GR can have a toxic effect on plant 
function are the non-specific binding to CCG(N11)CGG sequences in the genome and squelching 
(sequestration of general transcription factors) (Moore et al., 2006). In our hands, the strong EF1a 
promoter also caused problems due to silencing when transforming other constructs (e.g. GA20-OX). 
CHAPTER 5 
 
166 | P a g e  
 
Silencing due to high expression levels could be avoided by utilizing a specific promoter in the driver 
line. However, an attempt to transform GAL4/5xVP16 under control of the weaker GA2-oxidase 
promoter also did not resulted in stable transgenic lines. Codon usage can have an effect on 
transcription efficiency, translation efficiency and/or the protein stability. When implementing the 
GAL4 enhancer trap lines in Arabidopsis it was reported that GAL4 was not expressed in Arabidopsis 
due to at high A/T content, which can influence mRNA processing (Haseloff, 1999). In the case of the 
GAL4 enhancer trap lines efficient expression in Arabidopsis was achieved by altering the codon 
usage and using the GAL4-VP16 chimeric transcription factor. Here, we adjusted the codon usage of 
the GAL4/5xVP16 construct for expression in maize and the transient transformation suggested that 
transactivation efficiency was increased. To asses if the codon optimized construct can increase the 
viability, stable transformed plants need to be generated, which was outside the scope of this thesis. 
Previous studies reported that activity of GAL4-VP16-GR, a chemical inducible protein due to the 
addition of the glucocorticoid domain (GR), could cause developmental and growth defects in various 
plants including Arabidopsis (Kang et al., 1999), tobacco (Amirsadeghi et al., 2007), rice (Ouwerkerk 
et al., 2001) and the legume Lotus japonicas (Andersen et al., 2003). However, the individual 
components of GAL4-VP16-GR such as the yeast DNA binding domain of GAL4, the activation domain 
of the herpes viral protein VP16 and rat glucocorticoid domain GR were applied in various plant 
studies without adverse effect on plant health (Craft et al., 2005; Engineer et al., 2005; Guyer et al., 
1998; Haseloff, 1999; Samalova et al., 2005; Zuo et al., 2000). Competition experiments in maize 
protoplasts proved that multimerization of the activation domain VP16 used to enhance the 
transcription factor potency can suppress the activation potential of other acidic activation domains 
(e.g. THM18) (Schwechheimer et al., 1998). Thus, squelching can occur because the strong activator 
competes with other transactivator factors for the same co-activator(s). In Arabidopsis and rice, 
successful GAL4-VP16 codon optimized constructs only contain one VP16 activation domain 
(Engineer et al., 2005; Haseloff, 1999; Liang et al., 2006), suggesting it would be worthwhile to test 
this for maize.  
 
Leakiness of the transgene in the effector lines 
Two independent UASx4-GUS lines could be transactivated in the transient assay, proven the UASx4 
sequence is functional in maize. The UASx4 sites should in theory only cause expression in the 
presence of GAL4/5xVP16, however in this study the UASx4 sites resulted in transgene expression for 
the majority of the effector lines (9 out of 11 UASx4-xxx lines) in the absence of an activator. Previous 
studies on Arabidopsis, rice and tobacco reported no or low basal expression of the transgene under 
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control of the UAS sequences (Guyer et al., 1998; Liang et al., 2006; Padidam et al., 2003). 
Additionally, in maize protoplasts, the basal activity of UAS sequences in combination with a minimal 
promoter was indistinguishable to the activity of the minimal promoter, suggesting there is no 
activity of the UAS sequences in the absence of the activator (Schwechheimer et al., 1998).  
A possible explanation for the leaky expression observed in our effector lines is the proximity of 
enhancer elements in the T-DNA or in the flanking region in the genomic DNA. In our construct, the 
UAS sequences and its minimal -45 CaMV 35S promoter are in close proximity of the strong 
constitutive 35S promoter that is driving the expression of the BAR gene (Fig. S5.7). It is plausible that 
enhancer elements of the 35S promoter, which contains cis-activating elements that work 
independent of orientation (Ow et al., 1987), activate the minimal promoter. Another possibility is 
that the position of integration in the genomic DNA and the enhancer elements in its proximity can 
affect the minimal promoter. This is less likely, because the p35S-BAR-Tnos sequence is in between 
the border and the UAS sequences (Fig. S5.7). Similarly, in the pOp-LhG4 transactivation system, that 
is in the process of being implemented in maize, many effector lines need to be screened as a result 
of basal expression levels (D. Jackson, CSHL (USA), personal communication). This observation 
suggests that leakiness of the minimal promoter is a general concern in maize. In future research, 
constructs that use a strong constitutive promoter in the T-DNA should be avoided or the distance 
from the minimal promoter till the constitutive promoter (and T-DNA border) should be increased. 
Another consideration when using the GAL4 system is silencing of the constructs as was reported in 
Arabidopsis for UASx5 (Engineer et al., 2005) and in tobacco for UASx9-10 (Gälweiler et al., 2000). 
Transactivation of the UASx4-GUS lines indicated that there is no silencing in the first generation in 
maize transgenic lines. However, cytosine methylation is known to occur in plants on the 5’-CCG-3’ 
sequence (Jeddeloh and Richards, 1996) and can interfere in the GAL4-DNA binding. The UASx4 
sequence used in this study was confirmed to inhibit the GAL4 binding in vitro when methylated 
(Gälweiler et al., 2000). In Arabidopsis enhancer trap lines, silencing occurred starting from the T4 
generation in 25 % of the lines, on both the level of UASx5 and transcription of the GAL4-VP16 
transgene (Engineer et al., 2005). This silencing frequency in Arabidopsis due to methylation was no 
major drawback to the establishment of the GAL4 system in Arabidopsis. The amount of UAS repeats 
is likely to contribute to methylation and silencing of the GAL4 system (Engineer et al., 2005), but 
future research will have to determine if the UASx4 sequence is susceptible to silencing after several 
generations.  
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Other inducible systems that could be implemented in maize 
A possible alternative to the GAL4 transactivation system is the pOp-LhG4 transactivation system, 
based on a modified Escherichia coli lac repressor (Moore et al., 1998). Effector lines comprise of a 
chimeric pOp promoter (lac operators upstream of a minimal CaMV promoter) and a gene of interest. 
In the driver lines the promoter of choice drives the expression of LhG4 (DNA binding site of a lac 
repressor mutant fused with the GAL4 transcription activation domain). The pOp-LhG4 system was 
already applied in different plants species such as Arabidopsis (Baroux et al., 2005; Craft et al., 2005; 
Rutherford et al., 2005), tobacco (Samalova et al., 2005) and tomato (Fernandez et al., 2009) and was 
recently implemented in maize (Je et al., 2016).  
Next to the transactivation system, chemical-inducible systems offer a way to control gene 
expression. Chemical induction can be complementary to a transactivation system as the GAL4 
system, for example a glucocorticoid-mediated transcriptional induction system. A constitutive 
promoter expresses the chimeric transcription factor GAL4-VP16-GR (GVG), consisting of the DNA 
binding domain GAL4, the transactivation domain VP16 and the glucocorticoid receptor GR (Aoyama 
and Chua, 1997). In the absence of steroids the GR domain will interact with cytosolic complexes 
preventing migration to the nucleus (Borghi, 2010). In the presence of steroids, such as 
dexamethasone, the interaction between the GR domain and the cytosolic complexes is interrupted 
enabling the transcription factor to migrate to the nucleus and activate transcription. This system has 
been used successfully (Aoyama and Chua, 1997), but high levels of GVG expression was reported to 
induce developmental defects in Arabidopsis (Kang et al., 1999), rice (Ouwerkerk et al., 2001) and 
other plant species (Amirsadeghi et al., 2007; Andersen et al., 2003).  
Other inducible systems include ethanol, estradiol and heat shock inducible systems (Borghi, 2010). 
However, the potential toxic effects or influence on plant growth of inducers as ethanol or heat 
should be considered when selecting an inducible system. A promising inducible system with field 
application includes the European corn borer ecdysone receptor (EcR). In maize, the application of 
the non-steroidal inducer methoxyfenozide to plants expressing GAL4-VP16-EcR enabled 
transcriptional activation (Unger et al., 2002). Methoxyfenozide also functions as an insecticide 
against a wide range of caterpillar pests, with no or little adverse effects on non-target organisms 
including beneficial insects, making this an excellent inducer for field applications (Carlson et al., 
2001). 
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Supplementary data   
Table S5.1 Leaf length and width increase in the UAS
x4
-xxx lines 
The average increase in leaf length and width of the first ten leaves of the UASx4-xxx lines 2 and 3 compared to 
the non-transgenic plants (n=5, n=4 for UASx4-xxx line 3 T). * T-test p-value <0.05 
 
leaf length leaf width 
UASx4-xxx line 2 line 3 line 2 line 3 
leaf 1 39,9* 31,2* 12,9* 1,7 
leaf 2 53,9* 49,1* 8,8* 10,5* 
leaf 3 50,4* 46,1* 33,8* 23,4* 
leaf 4 26,4* 27,1* 31,9* 20,5* 
leaf 5 29* 21,3* 21* 11,9* 
leaf 6 54,5* 45,2* 38,5* 15,5 
leaf 7 43,4* 40,1* 26,7* 4,5 
leaf 8 34,1* 31,7* 37* 23,2* 
leaf 9 25,5* 24,8* 29,2* 26* 
leaf 10 19,7* 20,3* 26,9* 26,8* 
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Table S5.2 Transient transactivation of UASx4-GUS embryos with the codon optimized pBdEF1α-GAL4/5xVP16 
Overview of the four transient transactivation experiments: the number of embryos, the survival rate and GUS 
staining per condition. Immature embryos were harvested from four different cobs of the segregating UASx4-
GUS line 2 and transformed by co-cultivation with A. tumefaciens. The difference in transient transactivation 
between the non-optimized and the maize codon optimized GAL4/5xVP16 under control of the BdEF1α 
promoter is evaluated. *Percentages were doubled to take into account that half the embryos did not contain 
the UAS-GUS construct and could not be transactivated. 
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46 47 48 46 
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92,3% 73,6% 76,5% 86,0% 80,8% 
pBdEF1α-
GAL4/5xVP16 
67,4% 51,1% 64,6% 60,9% 61,0% 
ZmUBIL-GUS 80,6% 42,9% 83,9% 87,5% 69,1% 
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50%* 51,2%* 61,6%* 65,4%* 57,1%* 
pBdEF1α-
GAL4/5xVP16 
38,8%* 58,4%* 51,6%* 28,6%* 44,4%* 
ZmUBIL-GUS 88,0% 100% 92,3% 100% 95,1% 
- 0% 0% 0% 0% 0% 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 5 
171 | P a g e  
 
 
Table S5.3 primers sequences 
primer 5’-3’ sequence 
EF1α_4 CGATCGGGCGTTTCTAC 
GAL4_R CCGATACAGTCAACTGTCTTTGAC 
UAS CGGAAGACTCTCCTCCGACAAG 
T35S GACTGGTGATTTTTGCGGACTCTAG 
qPCR_GUS_F TGCTGTCGGCTTTAACCTCT 
qPCR_GUS_R CTGTAAGTGCGCTTGCTGAG 
qPCR_18S_F ACCTTACCAGCCCTTGACATATG 
qPCR_18S_R GACTTCACCAAACATCTCACGAC 
qPCR_xxx_F CTCTGCAACGGCATGGTGGTC 
qPCR_xxx_R GGCGGCATCGTGGGTTATGG 
qPCR_GAL4_F CGAGAAGACCTTGACATG 
qPCR_GAL4_R TGCTGTCTCAATGTTAGAG 
qPCR_GAL4b_F AGACCTTGACATGATTTTG 
qPCR_GAL4b_R TGCTGTCTCAATGTTAGAG 
qPCR_VP16_F GGGACGAGCTCCACTTAGACG 
qPCR_VP16_R ACATCTGCTCAAACTCGAAGTCGG 
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Figure S5.1 Leaf growth in various 
UAS
x4
-xxxx lines 
The leaf elongation rate (LER) of 
the fourth leaf of eleven 
independent UASx4- xxxx lines 
was measured. Error bars 
represent the standard error. 
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Figure S5.2 Number of leaves during the development of the UASx4-xxx lines 
The average number of leaves at the reproductive stage (A) and during development (B) of the UASx4-xxx lines 
2 and 3 compared to its non-transgenic (NT) siblings. * and ƚ indicated significant difference (P<0.05) between 
UASx4-xxx and its non-transgenic sibling for line 2 and 3 respectively. All statistics are calculated based on two-
tailed student T-test. Error bars represent the standard error (n=5, n=4 for UASx4-xxx line 3 T).  
 
 
Figure S5.3 reproductive timing of the UASx4-xxx lines 
The appearance of tassel, cob, silk and pollen shedding of the UASx4-xxx lines 2 and 3 compared to its non-
transgenic (NT) siblings (* two-tailed student T-test p-value <0.05). Error bars represent the standard error 
(n=5, n=4 for UASx4-xxx line 3 T).  
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Figure S5.4 GUS staining on a cross between the UASx4-GUS and pBdEF1α-GAL4/5xVP16 lines 
A histochemical GUS staining was performed three weeks after sowing on the basal cm of a growing leaf and on 
the basal cm of a root. The plants included in the experiment are transgenic (T) and non-transgenic (NT) of the 
lines pBdEF1α-GAL4/5xVP16, UASx4-GUS and their crosses. 
 
 
Figure S5.5 Genotyping pBdEF1α-GAL4/5xVP16 line 
Gel electrophoresis of PCR products obtained by PCR with primers (A) EF1α_4 - GAL4_R (expected size 655 bp) 
and primers (B) EF1α_4 – T35S (expected size 1964 bp) for genomic DNA samples from the transgenic pBdEF1α-
GAL4/5xVP16 plant (T), non-transgenic pBdEF1α-GAL4/5xVP16 plant (NT), plasmid DNA of pBdEF1α-
GAL4/5xVP16 (pl), a non-template control sample (NTC) and a molecular marker (MW 1700-10).  
Construct T / NT Position 
pBdEF1α-GUS T A1, C4 
pBdEF1α-GUS NT A2 
pBdEF1α-GAL4/5xVP16 T A3 
pBdEF1α-GAL4/5xVP16 NT A4 
UASx4-GUS line 2 T A5 
UASx4-GUS line 2 NT A6 
UASx4-GUS line 2 X pBdEF1α-GAL4/5xVP16 NT-T B1 
UASx4-GUS line 2 X pBdEF1α-GAL4/5xVP16 NT-NT B2 
UASx4-GUS line 2 X pBdEF1α-GAL4/5xVP16 T-NT B3-4 
UASx4-GUS line 2 X pBdEF1α-GAL4/5xVP16 T-T B5-C3 
UASx4-GUS line 1 NT C6 
UASx4-GUS line 1 T D1 
UASx4-GUS line 1 X pBdEF1α-GAL4/5xVP16 NT-T D2 
UASx4-GUS line 1 X pBdEF1α-GAL4/5xVP16 NT-NT D3 
UASx4-GUS line 1 X pBdEF1α-GAL4/5xVP16 T-NT D4-5 
UASx4-GUS line 1 X pBdEF1α-GAL4/5xVP16 T-T D6 
MW pl  T  NT NTC MW 
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T   NT     NTC pl                     T  MW  
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Figure S5.6 Transient transactivation experiment comparing the GAL4/5xVP16 sequence with the codon 
optimized version 
Immature embryos from the UASx4-GUS line 2 were transiently transformed by co-cultivation with A. 
tumefaciens. Transactivation of GUS expression was tested using the pBdEF1α-GAL4/5xVP16 construct and the 
maize codon optimized version of the construct pBdEF1α-GAL4/5xVP16
opt
. The pZmUBIL-GUS was used as a 
control for transformation and not co-cultivated embryos were examined for leaky expression. 
 
 
 
Figure S5.7 Schematic representation of the UASx4-xxx construct  
T-DNA region effector line UASx4-xxx between the right (RB) and left border (LB): T35S: terminator 35S; xxx 
gene; UAS: upstream activating sequence with four repeats; p35S: promoter 35S; Bar: bialaphos; Tnos: 
terminator of the nopaline synthase gene; Sm/SpR: Spectinomycin resistance gen.   
A: pBdEF1α-GAL4/5xVP16   
B: pBdEF1α-GAL4/5xVP16
opt
     
C: pZmUBIL-GUS  
D: No A. tumefaciens  
  
A                     B                     C                     D 
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One of the most important challenges for agriculture is meeting the global demand for food due to 
the growing world population. An increase in yield of important crops such as maize is needed to 
meet the worldwide demand for food and feed. To improve yield in a targeted way, a good 
understanding of growth regulation is needed. Heterosis or hybrid vigor has been exploited for 
decades in agriculture but the molecular basis remains elusive. On the other hand, several transgenes 
are able to increase growth or yield but the relationship between yield heterosis and transgenes was 
not addressed or is not well understood. In this thesis, we investigated the yield performance of 
hybrids, with the transformable B104 inbred line, to later apply these hybrids in transgenic research 
for field evaluations. Additionally, these hybrids were utilized to examine the growth processes and 
underlying cellular and molecular processes contributing to leaf growth heterosis. The expressivity of 
two transgenes, PLASTOCHRON1 and GA20-OX, and if and how the transgenes enhance the heterotic 
response was assessed in the hybrids. 
 
B104 hybrids for transgenic research 
The maize B104 inbred line is routinely used to generate transgenic lines, because it is one of the few 
inbred lines that is least recalcitrant for transformation (Anami et al., 2010; Frame et al., 2006). 
However, the late-flowering B104 line is not ideal for analyzing seed yield in the temperate Belgium 
climate, due to the high risk that kernels do not mature before the end of the growing season 
(Voorend et al., 2016). Considering most cultivated maize varieties are hybrid lines, it makes sense to 
assess transgenic lines as hybrids by crossing them to other inbred lines. Five early-flowering inbred 
lines from various heterotic groups were used to generate B104 hybrids (Liu et al., 2003). Our 
research shows that the hybrid lines B104xCML91, B104xF7 and B104xMo17 are well-suited to grow 
in temperate climate conditions and had a stable performance for leaf size, plant height and seed 
yield traits over three field trials. Field experiments are also valuable to monitor additional 
agronomically important parameters as biomass yield and lodging. In the five B104 hybrids heterosis 
for biomass yield was in line with the observed heterosis effects on cob weight and plant height, 
implying the B104xCML91, B104xF7 and B104xMo17 hybrids are also suited for biomass assessment. 
For the field trial of 2013 lodging was observed for some of the B104xH99 and B104xW153R plants, 
but not in the other three hybrid lines. These hybrid lines (B104xCML91, B104xF7 and B104xMo17) 
are thus good candidates to use for transgenic research under both controlled and field conditions. 
This was confirmed by examining the GA2OX-PLASTOCHRON1 construct in the B104xCML91 line in 
the temperate Belgium climate and even in the Corn Belt (Sun et al., submitted). PLA1 ectopic 
expression in the B104xCML91 hybrid had a robust effect on vegetative growth and grain yield over 
multiple field locations and growing seasons, including longer and wider leaves, taller plants, 
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increased stem width, a higher kernel number per row, an increased kernel weight, longer ears and 
higher cob weight (Sun et al., submitted). Thus, the B104 hybrid lines are suited for field evaluations 
of biomass and grain yield and other relevant growth traits. 
Efforts are made to overcome the current limitations of maize transformation enabling future 
transgenic research in independent hybrid lines. Maize transformation is a labor-intensive and time-
consuming process that represents a bottleneck, because the low transformation efficiency, the 
limited amount of inbred lines susceptible to transformation and the use of immature embryos as 
starting material (Frame et al., 2011; Ishida et al., 2007). Recently, the overexpression of morphogenic 
regulators, BABY BOOM and WUSCHEL2, has been reported to increase transformation efficiency of 
previously difficult to transform maize inbred lines and enables more flexibility for starting material, 
including mature leaf tissue. For successful plant regeneration the BABY BOOM and WUSCHEL2 
cassette was removed by a Cre-lox mediated recombination. The ability to transform more inbred 
lines is an important step for maize research over various genetic backgrounds (Lowe et al., 2016).  
 
In search of the molecular base of leaf growth heterosis 
Heterosis or hybrid vigor is the superior performance of the F1 hybrid relative the parental inbred 
lines. Despite being used in agriculture for several decades and extensive research, the molecular 
basis of yield heterosis still remains unresolved. Using the B104 hybrids, we examined the processes 
responsible for leaf growth heterosis. The leaf provided an elegant system to assess growth 
processes, due to the linear organization of growth zones along the leaf axis. Positive heterosis can be 
found mainly for the growth process leaf elongation rate (LER) and to a lesser extent leaf elongation 
duration (LED). At the cellular level, it was reported that leaf growth heterosis was the result of an 
increased cell number and not a larger cell size (East, 1936; Pavlikova and Rood, 1987). Our kinematic 
analysis also demonstrated that that leaf growth heterosis was the result of an increased number of 
cells and not due to larger cell size since the overdominant cell production in B104xMo17 was the 
result of combining an additive effect on the number of dividing cells and a dominant effect on the 
cell cycle duration of dividing cells. Thus, combining additive and dominant effects on sub-traits 
originating from both parental lines is responsible for overdominant phenotypes in the hybrid. 
Identifying alleles responsible for hybrid vigor can help guide targeted transgenic research and 
breeding efforts. However, genomic and transcriptome analysis could not identify a universal gene set 
responsible for heterosis over various traits and genotypes (Guo et al., 2006; Huang et al., 2016). An 
extensive study in over 10,000 F2 lines originating from 17 hybrid rice crosses, identified heterosis-
associated loci but these loci were not shared between all lines (Huang et al., 2016). It is reasonable 
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that (partially) different gene sets are responsible for heterotic responses in distinct hybrids. In our 
study, the majority of the differential expressed genes (DEGs) showed additive expression levels and 
most non-additive expressed genes were comparable to the highest expressed parent with only few 
genes showing expression outside the parental range. Thus, mainly additive and dominant gene 
expression is responsible for the overdominant phenotypes. However, based on the transcriptome 
data of the hybrid and parental lines we could not distinguish if which genes are causal for the 
heterotic response and which genes are downstream targets. 
The dominant-high parent expressed genes, the most prevalent non-additive category, were 
significantly enriched for the biological processes of protein folding and translation. This observation 
together with previous studies (Ding et al., 2014; Li et al., 2015) indicated a role for translation and 
protein metabolism in growth heterosis. Also, some growth related genes were identified that could 
make a contribution to growth heterosis. For example, the Teosinte 
branched1/Cycloidea/Proliferating cell factor (TCP) gene TCP5, an inhibitor of cell division (Huang and 
Irish, 2015), was downregulated in the hybrid relative to the parental lines. Genes with higher (or 
lower) expression in the hybrid versus the parental lines are potentially interesting targets for crop 
improvement. This is exemplified by the cell number regulator (CNR) genes (Guo et al., 2010) and 
ErbB-3 epidermal growth factor receptor binding protein1 (ZmEBP1) gene (Wang et al., 2016). 
ZmCNR2 had low gene expression in the B73XMo17 hybrid relative to the parental inbred lines, while 
transgenic overexpression of ZmCNR1 reduced organ and plant size and ZmCNR1 downregulation 
increased organ and plant size (Guo et al., 2010). ZmEBP1 was upregulated in the hybrid Zong3/87-1 
and ZmEBP1 overexpression in Arabidopsis increased organ size (Wang et al., 2016). Additionally, in 
potato and Arabidopsis EBP1 was shown to promote cell proliferation during the early stages of leaf 
development and cell expansion later in development (Horváth et al., 2006). Both CNR1 and ZmEBP1 
overexpression affected mostly cell number and not cell size. Thus, the genes identified in relation to 
growth heterosis, so far mainly appear to affect cell number, which is in line with the observed 
cellular phenotypes. Studying (leaf) growth heterosis can thus provide novel targets for yield 
improvement and indicate if these genes should be down-or upregulated to improve growth. 
 
Leaf growth heterosis enhancement by transgenes 
Growth heterosis and several transgenes were shown to independently stimulate growth, but the 
relation between growth heterosis and transgene expression was never addressed in depth. Here, we 
evaluated if boosting the growth processes LED and LER can significantly boost leaf growth heterosis 
levels. In non-transgenic B104 hybrids LER made a significant contribution to leaf growth heterosis, 
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while LED did not. Two characterized transgenic lines, GA2OX-PLASTOCHRON1 and UBIL-
GA20oxidase, in a B104 background were used to generate five distinct B104 hybrids.  
Mild overexpression of PLASTOCHRON1 (ZmPLA1) resulted in a longer period of growth (LED) by 
maintaining a maximal cell division for a longer time (Sun et al., submitted). Ectopic ZmPLA1 
expression resulted in an increased leaf area, leaf width and leaf length in the hybrid backgrounds, 
confirming the expressivity of the trait. Evaluating hybrid performance relative to the parental lines, 
showed that ZmPLA1 ectopic expression could enhance heterosis levels for leaf area, leaf width, leaf 
length and LER, but LED the key determinant of PLA1 in B104 showed no enhanced heterosis 
response.  
Constitutive overexpression of GA20-OX resulted in a higher LER because the transition between cell 
division and cell expansion was shifted causing a larger division zone (Nelissen et al., 2012). 
Constitutive overexpression of GA20-OX in the five B104 hybrids also caused an increase in FLL, LER 
and DZ size. Comparing leaf growth heterosis of the GA20-OX transgenic hybrid with the non-
transgenic hybrid demonstrated that GA20-OX overexpression can enhance the heterotic response 
for FLL, LER, DZ size, but not for LED. These findings indicate that LER rather than LED is a relevant 
target for enhancing leaf growth heterosis. This implies that it is easier to stimulate LER that was 
already stimulating hybrid growth then LED that was not linked to leaf growth heterosis. 
GA was previously hypothesized to play a role in heterosis for shoot growth because of the high 
concentrations of bioactive GA in hybrid versus inbred lines (Rood et al., 1988). Additionally, the 
maize GA20-OX and GA3-OX genes were identified as overdominantly expressed in a B73 × Mo17 
hybrid versus parental lines in mature leaves (Song et al., 2016), giving credibility to the idea of using 
genes identified in relation to growth heterosis to boost hybrid growth and heterosis levels. The 
presence of GA20-OX overexpression in B104xMo17 hybrid enhanced the heterotic effect on division 
zone size from additive to overdominant, boosting cell production, LER and FLL. These data suggest 
that increasing DZ size by GA20-OX overexpression is complementary to the growth mechanisms 
driving leaf growth heterosis and that GA20-OX overexpression could further stimulate the number of 
cells in hybrids. 
GA20-OX transgene-specific non-additive expressed genes included genes from classes previously 
identified for the B104xMo17 hybrid, such as chaperons and ribosomal proteins, suggesting that 
GA20-OX overexpression can stimulate the biological processes involved in leaf growth heterosis. 
Additionally, several growth related genes including, a NAC transcription factor NAM homolog and an 
EBP1 homolog, were specifically found upregulated in the transgenic hybrid, while other genes as 
TCP13 were downregulated. Previously, overdominant gene expression was detected in hybrid maize 
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for ZmEBP1 (Wang et al., 2016) and two NAC transcription factors (Ding et al., 2014). Additionally, 
microRNA transcriptomic deep sequencing revealed overdominant expression of miR319, targeting 
TCP (Zhao et al., 2015). In conclusion, in the B104xMo17 hybrid the overexpression of GA20-OX 
seems to stimulate similar processes as in the non-transgenic hybrid, albeit through different genes. 
In addition, several genes that were identified in the transgenic hybrid, and not in the non-transgenic 
hybrid B104xMo17, were related to genes previously identified to be associated with leaf growth 
heterosis. 
Since a single transgene can improve hybrid growth and enhance leaf growth heterosis, the question 
remains if expressing multiple growth enhancing transgenes in hybrids can further increase growth. 
GA20-OX and PLA1 transgenic expression promote leaf growth by two distinct mechanisms, LER and 
LED, respectively, but only LER heterosis was enhanced. In the B104 inbred line combining both 
growth promoting mechanisms resulted in an additive phenotype (Sun et al., submitted). It would be 
interesting to explore how both transgenes can effect hybrid growth and leaf growth heterosis. 
Combining multiple transgenes and growth mechanisms is a promising approach for improving a 
complex trait as growth. In Arabidopsis, binary and triple gene combinations, with gain- or loss-of-
function, have been demonstrated to increase organ size (Vanhaeren et al., 2014; Vanhaeren et al., 
2016). Positive growth effects were found when combining gene affecting distinct processes, but also 
for genes with a similar mode of action (Vanhaeren et al., 2014). However, some gene combinations 
negatively affected growth, implying that currently the interactions of gene combinations are 
unpredictable (Vanhaeren et al., 2014; Vanhaeren et al., 2016). Combining multiple transgenes in a 
hybrid line can be achieved by crossing two homozygous transgenic lines, followed by a cross with an 
inbred line. The availability of transgenic lines with distinct selection markers would simplify 
genotyping of the hybrid line segregating for the transgenes. Hygromycin resistance is already 
available as an additional selection marker, but the use of this selectable marker is prohibited for field 
grown plants. In case of three or more transgenes crossing becomes tedious and gene stacking, 
allowing the introduction of various transgenes located on one transgenic construct, becomes a good 
alternative.  
 
A relaxed growth network is easier to stimulate than a restricted growth network 
The leaf growth processes leaf elongation rate (LER) and leaf elongation duration (LED) contribute to 
final leaf length but were shown to be independent from each other in a RIL population (Baute et al., 
2016; Baute et al., 2015). However, under mild drought stress the processes LER and LED behaved in 
an anti-correlated fashion. Mild drought stress reduced the final leaf length, but no wilting 
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phenotypes were observed. Upon mild drought stress LER is reduced, which is partially compensated 
by an LED increase in the B104 inbred line (Sun et al., submitted). Investigating mild drought stress in 
several RIL lines showed that the magnitude of LER decrease and LED increase are correlated 
(Takasaki, in preparation). Ectopic overexpression of PLA1, stimulating LED, in B104 resulted in a more 
pronounced LED compensation under mild drought stress (Sun et al., submitted). Thus, the processes 
LER and LED appear to be anti-correlated as part of a compensation mechanism due to drought 
stress.  
Previous research in Arabidopsis overexpressing GA20-OX in 17 distinct accessions showed that larger 
accessions are more susceptible to growth enhancement (Nam et al., submitted). Thus, plants with a 
more relaxed growth network appear more susceptible for growth stimulation than plants with a 
restricted growth network. Our data showed that in hybrids mainly LER, as opposed to LED, is 
increased relative to the parental inbred lines under well-watered conditions. In hybrid lines GA20-OX 
overexpression could strongly enhance LER (32-49%), while ectopic PLA1 expression increased both 
LER (3-11%) and LED (6-11%). This implies that it is more difficult to stimulate LED in hybrids then 
LER. Based on these observations we formulate a working hypothesis that stimulating a relaxed 
growth mechanism is easier compared to a more restricted growth mechanism. Thus, in hybrid lines 
LER was a relaxed growth process as opposed to LED, which LER makes easier to stimulate than LED.  
LER and LED are anti-correlated under stress conditions, with LED increasing to compensate a 
reduction in LER. Thus, the growth mechanism LED becomes more relaxed under drought conditions. 
Applying mild drought stress conditions to the hybrids caused a contribution of LED towards leaf 
growth heterosis, though LER remained the primary process driving leaf growth heterosis. It would be 
interesting to examine if stimulating LED by PLA1 ectopic expression can enhance LED heterosis under 
mild drought stress, where LED is activated as part of the compensation mechanism in response to 
drought stress. 
 
Transgene expressivity 
Translational research, getting knowledge from model organisms such as Arabidopsis to crop plants is 
a first step in bringing the research closer to agriculture. The growth processes governing leaf growth 
were largely conserved between dicot and monocot plants, with many growth genes having a 
conserved function (reviewed in (Nelissen et al., 2016)). However, growth genes can have different 
functions in different species. For example, in both maize and Arabidopsis AUXIN REGULATED GENE 
INVOLVED IN ORGAN SIZE (ARGOS) overexpression resulted in growth enhancement through an 
increased cell number, but the mechanisms differ. In maize a faster growth rate was responsible for 
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the higher cell number (Guo et al., 2014), while in Arabidopsis an extended growth period was 
responsible for the increase in cell number (Hu et al., 2003). This finding demonstrates that even if 
the over-all growth phenotype is conserved (between species) the underlying mechanisms are not 
always the same.  
Examining the transgene effect in multiple genetic backgrounds is important to evaluate the 
robustness of a growth improving trait. Considering most cultivated maize are hybrid lines, it is 
relevant to assess transgenes in hybrids. In recent years, several studies assessing the expressivity of 
transgenic traits in inbred and hybrid lines or various hybrid lines were performed, for example 
ectopic expression of trehalose-6-phosphate phosphatase (TTP) (Nuccio et al., 2015), growth 
regulating factor10 (GRF10) (Wu et al., 2014), ARGOS1 (Guo et al., 2014) and ARGOS8 (Shi et al., 
2015). The growth phenotype of the organ level had high expressivity, but underlying cellular effects 
were never examined in multiple genetic backgrounds. This leaves the question if the yield 
phenotype was always a result of the same underlying mechanism(s) in distinct genetic backgrounds. 
Overexpression of GA20-oxidase (GA20-OX), a rate-limiting enzyme in the gibberellin biosynthesis 
pathway, resulted in larger leaves in Arabidopsis (Gonzalez et al., 2010), rice (Qin et al., 2013) and 
maize (Nelissen et al., 2012). Despite the apparent robust effect of GA20-OX overexpression in 
various species, it was shown that expressivity of this trait was highly dependent on the genetic 
background in Arabidopsis (Nam et al., submitted). GA20-OX ectopic expression in distinct 
Arabidopsis accessions showed increased leaf area in most cases, but resulted in a decrease in leaf 
area in a few accessions. At the cellular level GA20-OX ectopic expression also caused different 
effects, affecting mainly cell number, cell area or a combination of both depending on the genetic 
background (Nam et al., submitted). Thus, genetic backgrounds have distinct growth regulation 
mechanisms and transgene expression has diverse effects on this regulation.  
Here, we assessed the effect of GA20-OX overexpression and ectopic expression of PLASTOCHRON1 
(PLA1) in five hybrids examining both the growth phenotypes and the underlying growth processes. 
GA20-OX overexpression in the B104 line affected leaf size by an increased LER, driven by a larger 
number of dividing cells (Nelissen et al., 2012). In the five investigated hybrids the transgenic 
expression affected the same processes to stimulate leaf growth. However, GA20-OX overexpression 
affected LED in some of the hybrids, implying that the genetic backgrounds did affect growth 
response. In addition to GA20-OX overexpression, mild ectopic expression of PLA1 was also evaluated 
in the five hybrids lines. The Arabidopsis KLUH and maize PLA1 gene, both encoding a cytochrome 
P450 CYP78, have similar functions in growth regulation. The kluh and pla1 mutants had smaller 
organs with fewer cells due to a premature arrest of cell division (Anastasiou et al., 2007; Sun et al., 
submitted). In the maize B104 line PLA1 ectopic expression was shown to increase leaf length by 
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prolonging the period of leaf elongation (Sun et al., submitted). PLA1 ectopic expression in hybrid 
lines stimulated both LER and LED, implying that the genetic backgrounds did affect PLA1 growth 
regulation. Thus, while the expressivity for the growth phenotype was high, the underlying processes 
LER and LED made different contributions to the growth phenotype. 
Not only overexpression but also downregulation or mutant alleles can be examined in hybrid lines. 
Down-regulation of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase, a rate-limiting enzyme in 
ethylene biosynthesis, by RNA interference (RNAi) in a hybrid background could improve grain yield 
under drought stress conditions (Habben et al., 2014). Mutant or weak alleles can also be assessed in 
hybrid maize, by backcrossing these alleles in inbred lines and generating F1 hybrids. Weak alleles of 
FASCIATED EAR3 (FEA3), a leucine-rich receptor with a function in stem cell control, increase 
meristem size and hybrids homozygous for these weak fea3 alleles had an enhanced number of 
kernels per ear and an increased ear weight relative to the wild-type hybrid (Je et al., 2016).  
The CRISPR/CAS9 system can enable the generation of new alleles by targeted mutagenesis or native 
gene editing (Svitashev et al., 2015). Overexpression of ARGOS8, a negative regulator of ethylene 
response, increased grain yield, thus natural ARGOS8 variants with high expression levels would be 
beneficial for maize breeding (Shi et al., 2015). Exploring the natural variation for ARGOS8 in over 400 
inbred lines could not uncover a natural allele with expression levels comparable to the transgenic 
lines. However, a novel ARGOS8 variant with higher expression levels could be generated by inserting 
a native maize GOS2 promoter, causing moderate overexpression, in the 5’-untranslated region 
(5’UTR) or by switching the native ARGOS8 promoter with the GOS2 promoter using the CRISPR-Cas9 
system (Shi et al., 2016). The advantage of generating genome edited alleles compared to transgenic 
lines is that the selection markers and non-maize DNA of the T-DNA can be removed from the lines 
containing the novel alleles through backcrossing. The two genome edited ARGOS8 alleles were 
assessed under field conditions in hybrid background and improved grain yield (Shi et al., 2016). Thus, 
generating novel alleles based on knowledge for transgenic research is a promising new source of 
genetic variation that can assist maize breeding.  
 
Targeted transgene expression rather than constitutive overexpression is essential 
for maize yield 
To examine the effect of transgene expression, previous research mainly utilized constitutive 
promoters. However, while strong constitutive expression might be a good way to gain insights in the 
function of a gene, translating these findings to obtain agronomical desired traits requires alternative 
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promoters. For example in Arabidopsis, the strong overexpression of CCS52A, involved in the switch 
from mitotic to endoreduplication cycle, negatively affected organ size, while milder overexpression 
positively affected organ size (Baloban et al., 2013). In maize, constitutive ZmPLA1 overexpression 
had an extreme leaf growth phenotype, but no subsequent generations could be generated, while 
mild ectopic expression caused favorable growth phenotypes in both leaf size, cob size and plant 
height (Sun et al., submitted). Additionally, ectopic expression of a growth enhancing gene under 
control of promoters with a highly similar expression profiles can result in different outcomes. This is 
exemplified by expression of the rice threhalose-6-phospate phosphatase (TPP) gene, under control 
of the OsMads13 and OsMads6 promoter. TPP ectopic expression under control of the OsMads13 
promoter had a detrimental effect on yield preservation in response to water deficit, while ectopic 
TPP expression by OsMads6 increased yield preservation (Nuccio et al., 2015). The OsMads13 and 
OsMads6 promoters have expression profiles in the ear vasculature and ear spikelets, but OsMads6 
has a broader expression profile (Nuccio et al., 2015). These findings mark the importance of targeted 
transgene expression. Various temporal and spatial specific promoters are available, enabling 
precision breeding (Dutt et al., 2014). However, transforming every transgene with a wide range of 
promoters is not feasible at this time, due to the low efficiency at transformation.  
The implementation of the UAS-GAL4 transactivation system in maize can minimize the number of 
transformations needed to combine multiple promoters and genes. The system consists of activator 
lines, driving targeted expression of the GAL4 transactivator, and effector lines, having the gene of 
interest under transcriptional control of a minimal promoter and upstream activating sequences that 
can be bound by the transactivator. Crossing the activator line with multiple effector lines will allow 
investigation of changes in phenotypes due to various expression patterns of the transgene.  
In our study, the constructs are functional in transient transactivation experiments, but stable 
activator lines could not be generated. Possibly, constitutive expression of the GAL4/5xVP16 
transactivator proved lethal for maize plants or interferes with regeneration. When implementing the 
UAS-GAL4 system in Arabidopsis, the GAL4 sequence was not expressed and needed codon 
optimization and the use of the GAL4/VP16 derivative for efficient expression (Haseloff, 1999). The 
codon optimized GAL4/VP16 sequence was also used for the successful implementation of the UAS-
GAL4 system in rice (Liang et al., 2006). Thus, the codon optimized GAL4/VP16 sequence, that already 
resulted in a higher embryo survival rate and a higher transactivation rate in the transient assay could 
prove useful to generate activator lines in maize. In the future, the UAS-GAL4 transactivation system 
can be made chemically inducible, by attaching a chemical receptor domain to the transactivator. The 
ecdysone receptor (EcR) system is a promising inducible system using the non-steroidal inducer 
methoxyfenozide to enable transcriptional activation (Unger et al., 2002). Methoxyfenozide also 
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functions as an insecticide making it suitable for field applications (Carlson et al., 2001).  
The effector lines were prone to leaky expression in our study. In another transactivation system, the 
pOp-LhG4 system, recently implemented in maize (Je et al., 2016), the effector lines are also prone to 
leaky expression (D. Jackson, CSHL (USA), personal communication). Increasing the distance between 
the minimal promoter on the T-DNA and enhancer elements in the genomic DNA is a first step in 
generating non-leaky lines. Additionally, screening of the effector lines for leaky expression will be 
required. As transgene expression does not always result in a detectable phenotype, the addition of a 
fluorescent tag can enable screening for leaky expression. Finally, generating the activator and 
effector lines of the transactivation system in different inbred lines, so targeted expression can be 
assessed in hybrid lines will also be possible in the future. 
 
Genomic variation is underexplored in maize 
For maize, at this time only the B73 genome is publically available (Schnable et al., 2009). This 
restricts current research using different inbred lines due to the sequence variation relative to B73, 
including single nucleotide polymorphisms (SNPs), insertion/deletions (indels) and present/absent 
variation (PAV) (Ching et al., 2002; Swanson-Wagner et al., 2010). Comparing RNA sequencing data of 
different treatments in one inbred line is feasible, though expressed genes not present in the B73 
reference genome will not be detected. RNA sequencing comparing different inbred and hybrid lines 
is even more challenging, because next to the missing genes, hybrids have two alleles of the same 
gene and SNPs in these alleles can affect read-mapping efficiency. Examining allele-specific 
expression, by identifying SNPs in the transcripts compared to B73, can overcome the read-mapping 
problem and offer additional insight in regulation of gene expression (Paschold et al., 2012). However, 
to obtain a complete overview of DEGs, including genes missing in the reference genome and genes 
with a large amount of SNPs preventing read-mapping, the genome sequence of other inbred lines as 
B104 and Mo17 is needed. The availability of the genome sequences of additional inbreds would 
greatly facilitate maize research (e.g. transgenic approaches, hybrid vigor). This has become even 
more important for genome editing especially to target regulatory sequences. 
 
From leaf size heterosis to (grain) yield heterosis 
A better understanding of the molecular basis underlying yield heterosis has the potential to greatly 
improve maize production. However, thus far the molecular basis of yield heterosis has remained 
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elusive due to the complexity and variability of heterosis. The heterotic response varies depending on 
the trait, developmental stage, organ, genetic background and environmental conditions under 
investigation (Fu et al., 2015). This renders it rather unrealistic that one model will be able to explain 
‘heterosis’ as such. For complex traits as yield zooming in and focusing on simpler traits contributing 
to yield such as leaf size or kernel number could make the identification of the mechanisms involved 
in yield heterosis more straightforward. Furthermore, recent advances in ‘omics’ technologies 
facilitate the deepening of our understanding into the mechanisms underlying yield heterosis (Feng 
et al., 2015). One of the current challenges in heterosis research is how to handle and integrate this 
vast amount of available data. Thus, dissecting heterosis is an important challenge for the future to 
facilitate crop improvement, which can be  done on different levels from the whole ‘omics’ level to 
the single gene level (Fu et al., 2015). One way to address this challenge is to identify candidate genes 
and evaluate how altered expression can affect heterosis levels. Since a gene does not function on an 
individual basis, evaluation in consideration of a regulatory gene network is needed. Therefore, 
evaluation over various environments and in multiple genetic backgrounds is required. 
In this study, we chose the maize leaf as a model system to study growth. The leaf is an organ that 
provides energy to support reproductive growth, and thus grain yield, through photosynthesis. The 
increase of grain yield over time in the U.S. corn belt was accompanied by increases in stover yield, 
including larger leaves (Lorenz et al., 2010). This observation suggests that improving stover biomass 
can help to elevate the grain biomass by simultaneously increasing the source and sink capacity. 
Alternatively, in tropical maize plants, that are typically taller and have larger leaves, reducing the 
assimilate demand of vegetative growth proved to be an effective way to increase grain yield (Lorenz 
et al., 2010). Thus, the balance between source and sink capacity is important to optimize grain yield. 
In addition to the role of leaves as energy source for reproductive growth, the maize leaf and ear also 
showed conserved growth mechanisms and growth genes. For example growth of leaves and silks 
display a similar response to water deficit by decreasing the elongation rate (Turc et al., 2016). At the 
molecular level, several genes that affect both leaf and ear growth were identified. Overexpression of 
ARGOS1 and ectopic expression of PLA1 enhances maize organ growth, resulting in the formation of 
larger leaves and larger ears with an increased kernel number per ear (Guo et al., 2014; Sun et al., 
submitted). In addition, the ANGUSTIFOLIA3 (AN3) associated chromatin re-modeling complex was 
present in both the developing maize leaf and ear (Nelissen et al., 2015). The identification of genes 
involved in general organ growth, affecting both vegetative and reproductive growth, could enable 
targeted breeding approaches to enhance total yield. 
Heterosis is reported to affect both leaf size as grain yield (Flint-Garcia et al., 2009; Song et al., 2016). 
Heterosis for grain yield is in part dependent on leaf size heterosis and delayed leaf senescence in the 
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hybrid lines at the reproductive stage (Song et al., 2016; Tollenaar et al., 2004). Genes involved in 
growth heterosis can potentially affect both leaf and ear size heterosis. For example , the ZmEBP1 
gene was found to be upregulated in ear tissue of a hybrid compared to the parental lines (Wang et 
al., 2016). Overexpression of ZmEBP1 in Arabidopsis increased both leaf, seed size and number of 
seeds per silique (Wang et al., 2016). In this study, we showed that both ectopic expression of GA20-
OX or PLA1 can enhance leaf length heterosis. In addition, PLA1 ectopic expression was shown to 
enhance ear length and the number of kernels per ear in both B104 as the CML91xB104 line (Sun et 
al., submitted), implying that grain yield heterosis can potentially be enhanced. More extensive 
research is needed to assess how various growth genes affect leaf size and grain yield heterosis and if 
enhancing leaf growth heterosis translates to an increase in grain yield heterosis. 
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